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ABSTRACT

Experimental results for two compound angle injection systems
(configurations 1 and 3), and for a simple injection system (configuration 2) are
compared in this thesis. The effects of blowing ratio, spanwise hole spacing, hole
angle orientation, and streamwise position (x/d) are discussed in reference to
measurements of spanwise-averaged adiabatic effectiveness, iso-energetic Stanton
number, and Stanton number for 6 approximately equal to 1.5 obtained
downstream of both one row of holes and two staggered rows of holes. Results
indicate that effectiveness depends mostly on four parameters: simple or
compound angle injection, spanwise hole spacing, one or two rows of holes, and
blowing ratio. Results show that for a specified blowing ratio, for all
configurations tested to date, spanwise-averaged adiabatic effectiveness is greatest
at lower x/d values but decreases with streamwise development as the injectant
is convected downstream. The rate of spanwise-averaged adiabatic effectiveness
decrease is dependent on the blowing ratio, and mostly a result of lift-off of the
injectant from the test surface at x/d values less than about 20. At larger x/d,
spanwise-averaged adiabatic effectiveness values generally increase with blowing
ratio mostly because of greater amounts of injectant along the test surface. Results
also show that the iso-energetic Stanton number ratio lies between 1 and 1.35 for

all cases studied and generally increases with blowing ratio for a given x/d.
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I. INTRODUCTION

A. BACKGROUND/THEORY

Current inlet temperatures of gas turbines are approaching 2000 K. Such
temperatures are required to achieve high performance levels. However, the
same temperatures, in combination with the high rotational speeds, also put
extraordinary stress on component materials, especially on the blades of the first
turbine stage. For long, safe, and reliable operation, an efficient means of
cooling these blades is thus a necessity to avoid excessive thermal stresses. Film
cooling is one method of thermal protection for gas turbine surfaces which is
extensively used in commercial and military applications. Of the different film
injection configurations, simple angle injection has been the method employed
frequently on turbine blades, turbine endwalls, combustion chamber linings, and
afterburner linings in the past. Simple angle injection refers to situations in
which the film is injected with holes inclined to the test surface such that injectant
is issued approximately in the direction of the mainstream flow when viewed in
the streamwise/spanwise plane.

More recently, gas turbine components include film holes with compound
angle orientations. Compound angle holes produce injectant which often provides
better protection and higher film effectiveness than injectant from holes with
simple angle orientations. Holes with compound angle orientations are inclined
to the test surface such that the injectant is issued with a spanwise velocity
component relative to the mainstream flow. Although compound angle film-

cooling is now a common means of turbine blade protection, there are little data




in the archival literature on heat transfer and boundary layer behavior
downstream of film cooling holes with compound angle orientations. One
objective of the present test program is to provide new information on the local
heat transfer and injectant distributions in boundary layers which develop
downstream of film-cooling holes with compound angle orientations.

References 1 through 9 present film-cooling results measured downstream
of single and multiple film-cooling holes. Of these References, 2, 3, 4, 5, 7, and
8 present results on the influences of embedded, longitudinal vortices on film-
cooling. More recently, Mitchell [Ref. 7], Bishop [Ref. 8], and Cirellio [Ref. 9],
present results measured downstream of injection holes with compound angle
orientations without embedded vortices.

In the present study, new Stanton number, iso-energetic Stanton number,
adiabatic film effectiveness, mean velocity, mean total pressure, and injectant
distribution data are presented and analyzed for the same simple angle
configuration used by Cirellio [Ref. 9], as well as for a new compound angle
injection hole configuration. Adiabatic film cooling effectiveness values are
determined using linear superposition theory applied to Stanton number ratios
measured at different injection temperatures. This is possible since the three-
dimensional energy equation which describes the flow field is linear and
homogeneous in its dependent variable, temperature. This equation is of the

form :

FT  FT 9T oT oT oT
a(a’\; + oy + azz)= Uax *Voy *Woz (Equation 1.1)




where @ = ‘pk'c‘ . (Equation 1.2)

The technique of superposition was first applied to film cooling by Metzger,
Carper and Swank [Ref. 1]. They examined the effect of secondary fluid
injection through nontangential slots on the heat transfer in regions near the
injection site. They described differences due to the various tangential injection
geometries employed as reflected by rather large variations of the adiabatic wall
temperature. To facilitate comparisons of various film-cooling schemes, the
parameter @ is employed, which depends on temperature parameter 8 and

blowing iatio m. The parameter ® is defined as :

hwith film injection h
(D = h =

without film injection h0 (Equation 1.3)

The parameter (m) is defined as:

PcUc

P<Ue (Equation 1.4)

m-=

The parameter (0) is defined as:

- Tc_Too

Q=—C "=
T, -T.

(Equation 1.5)




In a comment on the Metzger, Carper and Swank paper, E.R.G. Eckert relates @
to the adiabatic wall temperature (Tay). The adiabatic wall temperature (Taw),
is defined as the temperature which the film-cooled wall assumes when the heat

flux g in the following equation is zero.

q= hf A(Tw - Taw) (Equation 1.7)

Equation 1.4 relates heat transfer to the difference between the actual wall
temperature and the adiabatic wall temperature with the iso-energetic heat
transfer coefficient hf. With an adiabatic condition, q = 0 and Tw=Taw. The

adiabatic film-cooling effectiveness is given by:

T,w —T.

Naw =T—wjf

(Equation 1.8)

The heat flux given by equation 1.7 may also be expressed in terms of the
difference between the actual wall temperature and the freestream temperature
using the equation given by:

q= hA(Tw - Too) (Equation 1.9)




Setting Equations 1.7 and 1.9 equal then yields:

Tw _Taw
T,-T

o0

h=hf

The temperature term may also be given by :

Tw _Taw _ (Tw _Too)_(Taw -T.)
T, -T. (T, -T.)

or alternatively;

w aw_ _ (1 — 0
Tw_Too ( naw )

(Equation 1.10)

(T =T.)

(T, -T.)

(Equation 1.11)

(Equation 1.12)

Substituting equation 1.12 into equation 1.10 finally yields:

hzhf(l—enaw)

(Equation 1.13)

In this study, heat transfer data is normalized with baseline heat transfer

coefficients, h,, measured when no film-cooling is employed. Dividing Equation




1.13 by h,, and then expressing h, hf, and hy in terms of St, Stf, and St
equation 1.13 finally becomes:

St _ St
St. St,

(1_enaw)

o (Equation 1.14)

Equation 1.14 gives a linear relation between St/Sto and 8. A plot of St/Sto
versus O gives a line with a vertical axis intercept of Stf/Sto, and a horizontal
axis intercept of 1/naw. If temperature variations are small enough that fluid
properties are invariant over the range of 8 considered and with respect to all
three coordinate directions, then this line is straight, [Ref. 10]. St/Sto
measurements at different 8 can thus be extrapolated to the axis intercepts, to
determine the iso-energetic Stanton number ratio, Stf/Sto, and the adiabatic
film cooling effectiveness , Naw.

Figure 11 shows St/Sto experimental data obtained at different 6 obtained
downstream of two rows of film cooling holes with simple angle orientations
producing injectant at a blowing ratio of 0.5, [Ref. 9]. As 6 is varied from 0.0
to values near 3.0, the blowing ratio is maintained constant and the density ratio
changes from 1.0 to about 0.9. In spite of these variations, the linearity of data
in figure 11 is evident for all six values of x/d along the spanwise centerline of
the test surface (Z/d=0.0). Lines through each set of data also illustrate some of
the horizontal axis intercepts and vertical axis intercepts which give 1/maw and
Stf/Sto respectively. To obtain local variations of these quantities, the method of

linear superposition is applied for each measurement location. In most cases, no




extrapolation is needed to determine Stf/Sto because St/Sto is measured directly
at 6 =0.

B. PRESENT STUDY

The objective of the present work is to determine Stanton numbers at @
values ranging from O to 3.0, at x/d ratios of 6.8, 17.4, 33.2, 54.4, 75.6 and 96.7
for a simple angle injection system, configuration 2, and at x/d values of 6.8,
17.6, 33.8, 55.5, 77.1, and 98.7 for a compound angle injection system,
configuration 3. With the simple angle configuration, configuration 2, holes are
inclined at 35 degrees with respect to the test surface in the streamwise/normal
plane. With the compound angle configuration, configuration 3, holes are
inclined at 35 degrees with respect to the test surface when projected into the
streamwise/normal plane, and 30 degrees with respect to the test surface when
projected into the spanwise/normal plane. With each configuration, two
staggered rows of holes are used. Within each row for both configurations,
holes are spaced 6 hole diameters apart. Results presented include distributions
of Stanton number ratios, adiabatic film cooling effectiveness values deduced
from using linear superposition, and injectant distributions. Also presented are
plots showing the streamwise development of distributions of mean velocity and

mean temperature.




C. EXPERIMENTAL OUTLINE

Three different types of measurements are made in the present study which
are described as follows:

1. Stanton numbers, Stanton number ratios , iso-energetic Stanton number
ratios and adiabatic film cooling effectiveness at 21 spanwise locations at x/d
ratios of 6.8, 17.4, 33.2, 54.4, 75.6 and 96.7 for configuration 2 and at x/d ratios
of 6.8, 17.6, 33.8, 55.5, 77.1, and 98.7 for configuration 3.

2. Mean velocity and total pressure surveys in (Y-Z) planes at x/d of 9.9,
44.3, and 86.3 for configuration 3.

3. Mean temperature (T- T_ ) surveys in (Y-Z) planes at x/d of 9.9, 44.3,
and 86.3 for configuration 3.

Data was obtained with no film-ccoling to obtain a baseline set of measurements,
as well as for 9 film-cooling arrangements. Results for the following
configurations are presented: (1) two staggered rows of configuration 3
compound angle film-cooling holes with a blowing ratio of m=0.5; (2) two
staggered rows of configuration 3 compound angle film-cooling holes with a
blowing ratio of m=1.0; (3) two staggered rows of configuration 3 compound
angle film-cooling holes with a blowing ratio of m=1.5; and (4) one row of
configuration 3 compound angle film-cooling holes with a blowing ratio of
m=0.5; (5) one row of configuration 3 compound angle film-cooling holes with a
blowing ratio of m=1.0; (6) one row of configuration 3 compound angle film-
cooling holes with a blowing ratio of m=1.5; (7) two staggered rows of
configuration 2 simple angle filmi-cooling holes with a blowing ratio of m=0.5;

(8) two staggered rows of configuration 2 simple angle film-cooling holes with




a blowing ratio of m=1.0; and (9) two staggered rows of configuration 2 simple

angle film-cooling holes with a blowing ratio of m=1.5.

D. THESIS ORGANIZATION

The remainder of this thesis is organized as follows. The experimental
apparatus and procedures are discussed in Chapter II. The experimental results
are presented in Chapter III. A summary of the results and conclusions is
presented in Chapter IV. Appendix A contains all of the figures. Appendix B
gives the experimental uncertainty magnitudes from Schwartz [Ref. 8]. Data
acquisition, processing, and plotting programs are described in Appendix C.
Finally, a data file directory listing the names of all data files contained on

micro floppy disks is presented in Appendix D.




II. EXPERIMENTAL APPARATUS AND PROCEDURES

A. WIND TUNNEL AND COORDINATE SYSTEM.

The wind tunnel is the same one used in the experiments of Ligrani, et al.
(1989, 1991). The facility, located in the laboratories of the Department of
Mechanical Engineering of the Naval Postgraduate School, is open-circuit and
subsonic. A centrifugal blower is located at the upstream end, followed by a
diffuser, a header containing a honeycomb and three screens, and then a 16 tol
contraction ratio nozzle. The nozzle leads to the test section which is a
rectangular duct 3.05 m long and 0.61 m wide, with a topwall having adjustable
height to permit a zero pressure gradient to be set along the length of the test
section (without the film cooling) to within 0.01 inches of water differential
pressure. The initial duct height at the nozzle exit is 0.203 m. The freestream
velocity is 10 m/s and the freestream turbulence intensity is approximately 0.13
percent based on the same velocity. The boundary layer is tripped using a 2 mm
high spanwise uniform strip of tape near the nozzle exit. This trip is located
1.072 m upstream of the surface used to measure local Stanton number
distributions.

Schematics showing the test section and coordinate system are presented in
Figures 1, 2 for film injection configurations 2 and 3, respectively. Locations
of the boundary layer trip, film cooling holes, heat transfer test surface, and
thermocouple rows along the test surface are evident. Dimensional values of
distances labelled in Figures 1 and 2 and are also given in Figures 3 and 4. With

both configurations 2 and 3, an unheated starting length exists upstream of the
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heat transfer surface when it is elevated in temperature. In regard to the
coordinate system, Z is the spanwise coordinate measured from the test section
spanwise centerline; X is measured from the upstream edge of the boundary
layer trip; and Y is measured normal to the test surface. x is measured from the

downstream edge of the injection holes and generally presented as x/d.

B. INJECTION SYSTEM AND INJECTION CONFIGURATIONS.
1. Injection System
The injection system was described by Ligrani, et al (1991). Air for the
injection system originates in two 1.5 horsepower DR513 Rotron Blowers
capable of producing 30 cfm at 2.5 psig. From the blowers, air flows through a
regulating valve, a Fisher and Porter rotometer, a diffuser, and then into the
injection heat exchanger and plenum chamber. The exchanger provides the
means to heat the injectant above ambient temperature. With this system and test
plate heating, the non-dimensional injection temperature parameter 6 is
maintained at values ranging from 0.0 to 3.0, which includes values within the
range of gas turbine component operation. The upper surface of the plenum
chamber is connected to the injection tubes for either injection configuration.
With configuration 2, each tube is 7.6 cm long. This gives a length to diameter
ratio of about 8. With configuration 3, the tube length is 9.4 cm which gives a
length to diameter ratio of approximately 10.
Injection system performance was checked by measuring discharge
coefficients at different Reynolds numbers based on injection hole diameter and
mean injectant velocity. These values compare favorably with earlier

measurements (Ligrani, et al, 1989). Procedures to measure discharge
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coefficients and blowing ratios are described by Ligrani, et al (1989). The results
of these performance checks are presented inFigure 7.

2. Injection Configuration

A schematic showing the simple angle film hole geometry (configuration
2) along the test surface is shown on Figure 5. A schematic showing the
compound angle film hole geometry (configuration 3) along the test surface is
shown in Figure 6. In both cases, holes are arranged in two rows which are
staggered with respect to each other with spanwise spacings between adjacent
holes of 3.0d. Centerlines of holes in separate rows are separated by 3.9d- 4.0 d
in the streamwise direction. When only one row of holes is employed, it is the
downstream row located closest to the heat flux surface. With this arrangement,
spanwise hole spacing is 6.0d. Each row of holes contains five injection cooling
holes with a nominal inside diameter of 0.945 cm for configuration 2 and 0.925
cm for configuration 3. The centerline of the middle hole of the downstream
row is located on the spanwise centerline (Z=0.0 cm) of the test surface. The
compound angle holes are employed with Q=35 degrees and B=30 degrees,
where Q is the angle of the injection holes with respect to the test surface as
projected into the streamwise/normal plane, and B is the angle of the injection
holes with respect to the test surface as projected into the spanwise/normal plane.
Thus, as shown in Figure6, holes are oriented so that the spanwise components of
injectant velocity are directed in the n'egative-Z direction. The plane of each
injection hole is angled at 50.5 degrees from the streamwise/normal (X-Y) plane.
Within the plane of each hole, hole centerlines are oriented at angles of 24

degrees from the plane of the test surface (X-Z).
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With the simple angle arrangement, 2=35 degrees and B=90 degrees. Thus,
the plane of each injection hole is within the streamwise/normal (X-Y) plane and

holes are inclined at an angle of 35 degrees with respect to the test surface.

C. STREAMWISE MEAN VELOCITY MEASUREMENTS.

The streamwise mean velocity was measured using a five-hole pressure
probe with a conical tip manufactured by United Sensors Corporation. Celesco
transducers and Carrier Demodulators are used to sense pressures when
connected to probe output ports. The same automated traverse used for injectant
surveys was used to obtain these surveys. With this device, the pressure probe
was traversed over 10.2 cm by 20.3 cm spanwise/normal planes at 800 locations
spaced 0.51 cm apart in each direction. At each location, 50 samples of the
output from each of the five pressure ports are aquisitioned for later processing.
These devices, measurement procedures employed, as well as data acquisition
equipment and procedures used are further detailed by Ligrani, et al (1989,

1991), Bishop (1990), and Ciriello (1991).

D. STANTON NUMBER MEASUREMENTS.

The heat transfer surface is designed to provide a constant heat flux over its
area. The surface next to the airstream is stainless steel foil painted flat black.
Immediately beneath this is a liner containing 126 thermocouples, which is just
above an Electrofilm Corp., etched foil heater rated at 120 volts, and 1500
watts. Located below the heater are several layers of insulating materials

including Lexan sheets, foam insulation, styrofoam and balsa wood. Surface
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temperature levels and convective heat transfer rates are controlled by adjusting
power into the heater using a Standard Electric Co. Variac, type 3000B. To
determine the heat loss by conduction, an energy balance was performed. This
was accomplished by insulating the top of the test surface (which is nominally
exposed to the airstream) and measuring conduction loss from the bottom as it is
dependent upon the difference in temperature between the test surface and the
surrounding ambient air. Radiation losses from the top of the test surface were
analytically estimated. The thermal contact resistance between thermocouples and
the foil top surface was est.inated on the basis of outputs of the thermocouples
and measurements from calibrated liquid crystals on the surface of the foil. This
difference was then correlated as a function of heat flux through the foil.

After the surface was completed, a variety of qualification tests were
conducted to check the performance of the heat transfer test surface. These were
described in detail by Ligrani, et al (1989), Bishop (1990) and Ciriello (1991),

along with additional details on the measurement of local Stanton numbers.

E. MEAN TEMPERATURE MEASUREMENTS.

Copper-constantan thermocouples were used to measure temperatures along
the surface of the test plate, the freestream temperature, and temperature
distributions which were correlated to injection distributions. For the
distributions, a thermocouple was traversed over spanwise/normal planes (800
probe locations) using an automated two-dimensional traversing system which
could be placed at different streamwise locations. Voltages from thermocouples
and the Carrier Demodulators (used for the mean velocity measurements) are

digitally sampled and read using a Hewlett-Packard 3497A Data Acquisition
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Control Unit with a 3498A Extender. These units are controlled by a Hewlett-
Packard Series 9153C computer.

F. BASELINE DATA CHECKS.

Repeated measurements of spanwise-averaged Stanton numbers show good
agreement (maximum deviation is 4 percent) with the correlation from Kays and
Crawford (1980) for turbulent heat transfer to a flat plate with unheated starting
length and constant heat flux boundary condition. Figures 9 and 10 present
baseline data for configurations 2 and 3, respectively. Figure 9 presents baseline
data for two separate conditions. Condition 1, with (Tplate-T)=9.66, was
obtained with 4 amps applied to the plate heaters. A higher power level of 6
amps was utilized to obtain condition 2 with (Tplate-Te=)=20.08. Both sets of data
show good agreement with the Kays and Crawfords' unheated starting length
constant heat flux correlation, with a maximum deviation of approximately
10%. Similar conclusions may be drawn in regard to the baseline data for

configuration 3 shown in Figure 10.
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III. EXPERIMENTAL RESULTS

Experimental results are presented in two parts. Results for the simple angle
injection system, configuration 2, are given first. These results are then followed
by ones for the compound angle injection system, configuration 3. For
configuration 2, surface heat transfer data are presented from measurements
downstream of two staggered rows of holes. For configuration 3, surface heat
transfer data, injectant distributions, surveys of mean velocity, and surveys of
total pressure are presented from measurements downstream of both one row of
holes and two staggered rows of film-cooling holes. In both cases (configurations

2 and 3), data are presented for blowing ratios of 0.5, 1.0, and 1.5.

A. CONFIGURATION TWO, SIMPLE ANGLE RESULTS

1. Heat Transfer Measurements Downstream of Two Rows Of
Film-Cooling Holes With m=0.5
Figures 12-17 present St/Sto vs. O results for x/d=6.8, 17.4, 33.2, 544,
75.6, and 96.7 at z/d=0.0 for m=0.5. Figures 18 and 19 then present spanwise-
averaged adiabatic effectivenesses and spanwise-averaged Stf/Sto as dependent on
x/d, repectively. Figures 20, 21, and 22 show streamwise and spanwise varations
of spanwise-averaged adiabatic effectiveness, iso-energetic Stanton number ratio,
and Stanton number ratio, respectively. Spatially resolved plots of effectiveness
in Figure 20 show that spanwise periodicity, evident at x/d=6.8, is less

pronounced as the flow develops in the streamwise direction. The spanwise
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variations of Stf/Sto and St/Sty in Figures 21 and 22 show similar spanwise
periodicity which is most evident at x/d=6.8, and not particularly evident at x/d
greater than 54.3. The Stanton number ratio data in Figure 22 are given for 0 =
1.59.

2. Heat Transfer Measurements Downstream Of Two Rows Of
Film-Cooling Holes With m=1.05
Figures 23-28 present St/Sto vs. © for x/d=6.8, 17.4, 33.2, 54.4, 75.6,
and 96.7 at z/d=0.0 for m=1.05. Figures 29 and 30 then present spanwise-
averaged adiabatic effectivenesses and spanwise-averaged iso-energetic Stanton
number ratios as dependent upon x/d, respectively. Figures 31, 32, and 33 show
streamwise and spanwise variations of spanwise-averaged adiabatic effectiveness,
iso-energetic Stanton number ratio, and Stanton number ratio, respectively. The
Stanton number ratio data in Figure 33 are for 6=1.66. Spatially resolved plots
of spanwise-averaged adiabatic effectiveness in Figure 31 again show spanwise
periodicity at low x/d values which becomes less pronounced with streamwise
development. Compared to results for m=0.5, effectiveness values are lower at
x/d values below about 50 due to lift-off effects. At higher x/d values,
effectiveness values are greater because larger amounts of film injectant are
present next to the test surface. Figures 32 and 33 show similar spanwise
periodicity for iso-energetic Stanton number ratio and Stanton number ratio

which are similar to the variations in Figures 21 and 22 for m=0.5.
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3. Heat Transfer Measurements Downstream Of Two Rows Of
Film-Cooling Holes With m=1.5
Figures 34-39 present St/Sto vs 0 for x/d=6.8, 17.4, 33.2, 54.4, 75.6, and
96.7 at z/d=0.0 for m=1.5. Figures 40 and 41 then present spanwise-averaged
adiabatic effectivenesses and spanwise-averaged iso-energetic stanton number
ratios as dependent upon x/d, respectively. Figures 42, 43, and 44 show the
streamwise and spanwise variations of spanwise-averaged adiabatic effectiveness,
Stanton number ratio and iso-energetic Stanton number ratio, respectively.
Spatially resolved plots of spanwise-averaged adiabatic effectiveness inFigure 42
show spanwise periodicity which becomes less pronounced with streamwise
development. The amplitude and frequency of effectiveness peaks are smaller
than the effectiveness peaks measured for m=0.5 and m=1.05. In addition,
spanwise-averaged magnitudes of the adiabatic effectiveness for m=1.5 are lower
than ones for m=0.5 and m=1.05 at x/d less than 33.2 due to increased lift-off as
the blowing ratio increases. At x/d values greater than 33.2, spanwise-averaged
effectiveness values are higher for m=1.5 because greater amounts of injectant

are present near the test surface.

B. CONFIGURATION THREE, COMPOUND ANGLE RESULTS

1. Two Rows Of Film-Cooling Holes With m=0.5
a. Heat Transfer Measurements
Figures 45-50 present St/Sto vs. © results measured at z/d=0.0, for
x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7 and for m=0.5. These figures illustrate
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the linearity of St/Sto vs. 6 data at each x/d presented. Similar linearity is
present for the entire range of locations along the test plate, which supports the
use of linear superposition theory for determination of adiabatic effectiveness
and iso-energetic Stanton number ratio, even though the flow field is highly
three dimensional. Figures 51 and 52 then present spanwise-averaged adiabatic
effectivenesses and spanwise-averaged iso-energetic Stanton number ratios,
respectively, as dependent upon x/d. Figures 53, 54, and 55 then show
streamwise and spanwise variations of adiabatic effectiveness, iso-energetic
Stanton number ratio, and Stanton number ratio for 8=1.54, respectively.

Figure S1 shows that spanwise-averaged adiabatic effectiveness is
greatest at x/d=6.8, and decreases with streamwise distance. Figure 52 shows
that iso-energetic Stanton number ratio is relatively constant at about 1.1 for x/d
greater than approximately 15. Such behavior is consistent with earlier results,
[Ref. 7 and 8] which show that iso-energetic Stanton number is strongly
dependent on blowing ratio and/or momentum flux ratio and very weakly
dependent on x/d. Figures 53, 54, and 55 show that spatially resolved plots of
effectiveness, iso-energetic Stanton number ratio, and Stanton number ratio for
0=1.54, respectively, are fairly spanwise uniform for all x/d.

b. Velocity And Pressure Surveys
Surveys of total pressure and streamwise velocity in spanwise-normal
planes at x/d=9.9, 44.3, and 86.3 are shown in Figures 56-61. For each x/d, total
pressure and velocity distributions are qualitatively similar. Total pressure and
velocity results in Figures 56 and 57 for x/d= 9.9 are spanwise periodic, with
deficits separated by 2.5-3 cm near the wall which is the same as the spanwise

hole spacing. Less spanwise periodicity is evident at x/d =44.3 in Figures 58 and
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59, and at x/d=86.3 in Figures 60 and 61. Fairly uniform distributions of
streamwise velocity and total pressure across the span of the measurement plane
are present at x/d=86.3 where local boundary layer thicknesses are about 30
percent larger than values at x/d=9.9.
¢. Injectant Distributions
Figures 62, 63, and 64 show surveys of temperature in
spanwise/normal planes at x/d=9.9, 44.3, and 86.3, respectively. According to
Ligrani et al. [Ref. 9], these surveys provide information on distributions of the
injectant. At x/d=9.9, individual injectant concentrations are spanwise periodic
and non-circular near the wall across the span of the measurement plane.
Distributions for x/d=44.3 and x/d=86.3 in Figures 63 and 64 show less spanwise

periodicity. In fact, the results in Figure 64 are fairly spanwise uniform.

2. Two Rows Of Film-Cooling Holes With m=1.0
a. Heat Transfer Measurements

Figures 65-70 present St/Sto vs. 6 results measured at z/d=0.0. for
x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7, and for m=1.0. Figures 71 and 72 then
present results of spanwise-averaged adiabatic effectivenesses and spanwise-
averaged iso-energetic Stanton number ratios as dependent upon x/d,
respectively. Figures 73, 74, and 75 show streamwise and spanwise variations of

adiabatic effectiveness, Stf/Sto and St/Sto for 6=1.72, respectively.
Figures 65-70 illustrate the linearity of St/St, as dependent upon ©
for the entire range of locations along the test surface, which again supports the
use of linear superposition theory for determination of spanwise-averaged

adiabatic effectivenesses and spanwise averaged iso-energetic Stanton number




ratios. Figure 71 shows that spanwise averaged adiabatic effectiveness values
are greatest at low x/d and decrease linearly after x/d=15. Figure 72 shows that
iso-energetic Stanton number ratio increases slightly over the first quarter of the
test plate and remains fairly constant at about 1.1 as x/d varies. Such behavior is
consistent with earlier results, Ligrani et al. [Ref. 9], which show weak
dependence of iso-energetic Stanton number ratio on x/d. Figure 73 shows that
spatially resolved plots of effectiveness are spanwise periodic at x/d=6.8 and
x/d=17.6, while the spanwise distribution of adiabatic effectiveness is fairly
uniform for x/d greater than 33.8. Figures 74, and 75 show that the spanwise
and streamwise variations of iso-energetic Stanton number ratio and Stanton
number ratio are spanwise periodic for all x/d along the test plane.
b. Velocity And Pressure Surveys

Figures 76-81 present surveys of total pressure and streamwise
velocity in spanwise-normal planes for x/d=9.9, 44.3, and 86.3. For each x/d,
the total pressure and velocity distributions are qualitatively similar. The total
pressure and velocity results in Figures 76 and 77 for x/d=9.9 are spanwise
periodic. The separation between deficits increases in the spanwise direction at
further downstream locations indicating that injectant from upstream holes
merges with injectant from downstream holes. The distance between the deficits
is as large as 3.5cm near the wall. When compared to similar data for m=0.5
(Figures 56-61), near wall deficits for m=1.0 are larger near the wall and
separated by slightly larger spanwise distances. Figures 78-81 show that total
pressure and velocity distributions are fairly spanwise uniform for x/d greater
than 44.3. These figures also show increases in local boundary layer thickness of

approximately 10% compared to results in Figures 76 and 77 for m=0.5.
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¢. Injectant Distributions
Figures 8., 83, and 84 show surveys of temperature in

spanwise/normal planes at x/d=9.9, 44.3, and 86.3, respectively. According to
Ligrani et al. [Ref. 9], these surveys provide information on distributions of the
injectant. At x/d=9.9, individual injectant concentrations are spanwise periodic
and non-circular near the wall across the span of the measurement plane.
Distributions for x/d=44.3 and x/d=86.3 in Figures 83 and 84 show less spanwise
periodicity. In fact, the results in Figure 84 are fairly spanwise uniform.

3. Two Rows Of Film-Cooling Holes With m=1.§
a. Heat Transfer Measurements

Figures 85-90 present St/Sto vs. 0 resuits for x/d=6.8, 17.6, 33.8,
55.5, 77.1, and 98.7 at 2/d=0.0 for m=1.5. The linearity of the data provides
added support for the linear superposition technique. Figures 91 and 92 present
spanwise-averaged adiabatic effectivenesses and spanwise-averaged iso-energetic
Stanton number ratios as dependent upon x/d, respectively. Figures 93, 94, and
95 show streamwise and spanwise variations of adiabatic effectiveness, Stf/Sto,

and St/Sto for 6=1.24,
Figures 91 shows spanwise-averaged adiabatic effectiveness
values are greatest at low x/d and decrease with x/d for values greater than 15.
Figure 92 shows that iso-energetic Stanton number ratios decrease for x/d values
between 5 and 35. At x/d values greater than 35, iso-energetic Stanton number
ratios are fairly constant at about 1.2. Figures 93, 94, and 95 show spatially

resolved plots of adiabatic effectiveness, iso-energetic Stanton number ratio, and
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Stanton number ratio for 6=1.24, which are spanwise periodic at x/d=6.8 and
x/d=17.6. At x/d values greater than 33.8, the distributions are fairly uniform.
W’ .en compared toFigures 73-75, the data inFigures 93-95 suggest that lift-off
effects are increasingly important at higher blowing ratios.
b. Velocity And Pressure Surveys
Figures 96-101 present surveys of total pressure and streamwise
velocity in spanwise-normal planes for x/d=9.9, 44.3, and 86.3. For each x/d,
the total pressure and velocity distributions are qualitatively similar. Total
pressure and velocity results in Figures 96 and 97 for x/d= 9.9 are spanwise
periodic, with deficits separated by 4-5 cm near the wall. When compared to
data for m=0.5 and m=1.0, (Figures 56, 57, 76, and 77), the near-wall deficits
are larger with greater separation. Figures 98-101 show that the distributions of
total pressure and velocity are spanwise uniform for x/d values greater than
44.3.
¢. Injectant Distributions
Figures 102-104 show surveys of temperature in spanwise/normal
planes at x/d=9.9, 44.3, and 86.3, respectively, which provide information on
distributions of the injectant . At x/d=9.9, individual injectant concentrations are
non-circular and spanwise periodic near-the wall. Distributions for x/d=44.3 and
x/d=86.3 in Figures 103 and 104 show less spanwise periodicity and greater

spanwise uniformity.
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4. One Row Of Film-Cooling Holes With m=0.5
a. Heat Transfer Measurements

Figures 105-110 present St/Sto vs. 0 results measured at z/d= -1.27,
for x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7, for m=0.5. These figures illustrate
the linearity of St/Sto vs. © data at each x/d. Figures 111 and 112 present
spanwise-averaged adiabatic effectivenesses and spanwise-averaged iso-energetic
Stanton number ratios as dependent upon x/d, respectively. Figures 113, 114, and
115 then show streamwise and spanwise variations of adiabatic effectiveness,
iso-energetic Stanton number ratio, and Stanton number ratio for 6=1.37.

Figure 111 shows that spanwise-averaged adiabatic effectiveness is
greatest at x/d=6.8 and decreases as x/d increases. Figure 112 shows that iso-
energetic Stanton number ratio is relatively constant at 1.0 for all x/d. Such
behavior is consistent with earlier results, [Ref. 7, and 8], which show that the
iso-energetic Stanton number ratio is strongly dependent on blowing ratio and/or
momentum flux ratio, and very weakly dependent on x/d. Figures 113, 114,
and 115 show spatially resolved plots of adiabatic effectiveness, iso-energetic
Stanton number ratio, and Stanton number ratio for 6=1.37, respectively. In all
cases these data are fairly spanwise uniform for all x/d.

b. Velocity And Pressure Surveys
Surveys of total pressure and streamwise velocity in spanwise-normal
planes at x/d=9.9, 44.3, and 86.3 are shown in Figures 116-121. For each x/d,
total presssure and velocity distributions are qualitatively similar. Total pressure

and velocity results in Figures 116 and 117 for x/d= 9.9 are spanwise periodic,
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periodic, with deficits separated by 5.5-6 cm near the wall which is the same as
the spanwise hole spacing. Figures 98-101 show fairly uniform distributions of
streamwise velocity ang total pressure across the span of the measurement plane
for x/d values greater than 44.3.
¢. Injectant Distributions

Figures 122, 123, and 124 show surveys of temperature in
spanwise/normal planes at x/d=9.9, 44.3, and 86.3, respectively, which provide
information on distributions of the injectant. At x/d=9.9, the injectant
distributions are semi-circular and spanwise periodic near the wall.
Distributions for x/d=44.3 and x/d=86.3 in Figures 123 and 124 show less

spanwise periodicity and greater spanwise uniformity.

5. One Row Of Film-Cooling Holes With m=1.0
a. Heat Transfer Measurements

Figures 125-130 present St/Sto vs. 0 results measured at z/d= -1.27,
for x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7, and for m=1.0. These figures
illustrate the linearity of St/Sto vs. 0 data at each x/d presented. Figures 131 and
132 then present spanwise-averaged adiabatic effectivenesses and spanwise-
averaged iso-energetic Stanton number ratios as dependent upon x/d,
respectively. Figures 133, 134, and 135 show streamwise and spanwise
variations of the adiabatic effectiveness, iso-energetic Stanton number ratio, and

Stanton number ratio for 6=1.37, respectively.
Figure 131 shows that spanwise-averaged adiabatic effectiveness is

greatest at x/d=6.8 and decreases with streamwise development. Figure 132
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shows that the iso-energetic Stanton number ratio is relatively constant at about
1.0 for all x/d. Such behavior is consistent with earlier results, [Ref. 7 and 8],
which show that the iso-energetic Stanton number ratio is strongly dependent on
blowing ratio and/or momentum flux ratio and very weakly dependent on x/d.
Figure 133 shows that spatially resolved plots of adiabatic effectiveness are
spanwise-periodic for x/d=6.8 and x/d=17.6, while the adiabatic effectiveness is"
fairly spanwise uniform. for x/d values greater than 33.8. Spacially resolved
plots of iso-energetic Stanton number ratio, and Stanton number ratio for
0=1.89, in Figures 134 and 135, respectively, show spanwise periodicity tfor all
x/d. Results for m=0.5 in Figures 114 and 115 do not show as much periodicity.
b. Velocity and Pressure Surveys

Surveys of total pressure and streamwise velocity in.spanwise-
normal planes at x/d=9.9, 44.3, and 86.3 are shown in Figures 136-141. For
each x/d, total presssure and velocity distributions are qualitatively similar.
Total pressure and velocity results in Figures 136 and 137 for x/d= 9 9 are non-
circular and spanwise periodic. The separation of the deficits is approximately
6cm near the wall which is the same as the spanwise hole spacing. Figures 138-
141 show fairly uniform distributions for streamwise velocity and total pressure
across the span of the measurement plane for x/d values greater than 44.3.

¢. Injectant Distributions

Figures 142, 143, and 144 show surveys of temperature in
spanwise/normal planes at x/d=9.9, 44.3, and 86.3, which provide information
on distributions of the injectant . At x/d=9.9, individual injectant

concentrations are spanwise periodic and circular near the wall. Distributions for
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x/d=44.3 and x/d=86.3 in Figures 143 and 144 show less spanwise periodicity and

more spanwise uniformity.

6. Heat Transfer Measurements Downstream Of One l}ow of
Film-Cooling Holes With m=1.5
Figures 145-150 present St/Sto vs. 6 results measured at z/d= -1.27, for

x/d=6.8, 17.6, 33.8, 55.5, 77.1, and 98.7 and for m=1.5. These figures illustrate
the linearity of St/Sto vs. @ at each x/d. Simililar linearity is present for the
entire range of locations along the test plate. Such behavior once again supports
the use of linear superposition theory for determination of adiabatic effectiveness
and iso-energetic Stanton number ratio. Figures 151 and 152 then present
spanwise-averaged adiabatic effectivenesses and spanwise-averaged iso-energetic
Stanton number ratios as dependent upon x/d, respectively. Figures 153, 154,
and 155 then show streamwise and spanwise variations of adiabatic effectiveness,
iso-energetic Stanton number ratio and Stanton number ratio for 6=1.29.

Figure 151 shows that spanwise averaged adiabatic effectiveness is greatest at
x/d=6.8, and then decreases with streamwise development. Figure 152 shows
that iso-energetic Stanton number ratio is relatively constant at about 1.1 for all
x/d. Figure 153 shows that spatially resolved plots of spanwise-averaged
adiabatic effectiveness are spanwise-periodic for x/d=6.8 and x/d=17.6, while
adiabatic effectiveness is fairly spanwise uniformfor x/d values greater than 33.8.
Spacially resolved plots of iso-energetic Stanton number ratio, and Stanton
number ratio for 6=1.29 in respective figures 154 and 155 show spanwise

periodicity for the entire range of x/d.
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C. COMPARISON OF RESULTS FROM THE SIMPLE ANGLE AND
COMPOUND ANGLE FILM-COOLING HOLE
CONFIFURATIONS.

Experimental results for two compound angle injection systems
(configurations 1 and 3), and for a simple angle injection system (configuration
2) are compared in this section. The effects of blowing ratio, spanwise hole
spacing, hole angle orientation, and streamwise position are discussed in
reference to measurements obtained downstream of both one row of holes and
downstream of two staggered rows of holes. The hole diameter for
configurations 1 and 2 is 0.945cm. The hole diameter for configuration 3 is
0.925cm. When two staggered rows are employed, the spanwise hole spacing is
3.9d for configuration 1, and 3.0d for configurations 2 and 3. When one row of
holes is employed, the spanwise hole spacing is 7.8d for configuration 1, and
6.0d for configurations 2 and 3.

Results are first presented for two staggered rows of film-cooling injection
holes. Figures 156 and 157 show spanwise-averaged adiabatic effectivenesses
and iso-energetic Stanton number ratios as dependent upon x/d , respectively,
for all 3 film hole configurations. Figures 158 and 159 then present spanwise-
averaged adiabatic effectivenesses and spanwise-averaged iso-energetic Stanton
number ratios as dependent upon x/d for configurations 1 and 3. Figures 160
and 161 then present spanwise-averaged adiabatic effectivenesses and spanwise-
averaged iso-energetic Stanton number ratios as dependent upon x/d, for

configurations 2 and 3.
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Results are now presented for one row of film-cooling holes. Figure 162
and 163 present spanwise-averaged adiabatic effectivenesses and iso-energetic
Stanton number ratios as dependent upon x/d for all 3 film hole configurations.
Figures 164 and 165 present spanwise-averaged adiabatic effectivenesses and iso-
energetic Stanton number ratios, respectively, for configurations 1 and 3.
Figures 166 and 167 present similar data for configurations 2 and 3.

Results in Figures 156 and 161 show that spanwise-averaged adiabatic
effectiveness values are greatest at lower x/d and decrease with streamwise
development as the injectant is convected downstream. For a specified blowing
ratio and for all three film hole configurations, the rate of spanwise-averaged
adiabatic effectiveness decrease is dependent on the blowing ratio, and mostly a
result of lift-off of the injectant from the test surface at x/d values less than about
20. At larger x/d, spanwise-averaged adiabatic effectiveness values generally
increase with blowing ratio mostly because of greater amounts of injectant along
the test surface.

Results in Figures 160 and 164 show that spanwise averaged magnitudes of
the adiabatic film-cooling effectiveness downstream of compound angle injection
configurations are generally higher than ones downstream of simple angle
configurations when compared for the same blowing ratio (m), streamwise
location (x/d), and streamwise hole spacing (s/d).

Results in Figures 157, 159, 161, 163, 165, and 167 show that the iso-
energetic Stanton number ratio lies between 1 and 1.35 for all cases studied and
generally increases with blowing ratio for a given x/d and a given injection hole

configuration.
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Results in Figures 156 and 161 show spanwise-averaged adiabatic
effectiveness values measured downstream of two rows of holes are
approximately 30-70% higher than values obtained downstream of a single row

of holes, due to greater amounts of injectant along the test surface.
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IV. SUMMARY AND CONCLUSIONS

Experimental results are presented which describe the development and
structure of flow downstream of a single row, and downstream of two staggered
rows of film-cooling holes with simple and compound angle orientations. Two
configurations are investigated, a simple angle injection system in which the
injectant is introduced into the freestream parallel to the main flow (as viewed in
the streamwise/spanwise planes), and a compound angle injection system in which
the injectant is introduced with spanwise velocity components. The effects of
blowing ratio, spanwise hole spacing, hole angle orientation, and streamwise
position are determined from measurements of adiabatic effectivenesses, iso-
energetic Stanton number ratios, and Stanton number ratios for 6 values
approximately equal to 1.5.

For configuration 2, measurements are made downstream of three injection
arrangements: (1) two staggered rows of film-cooling holes with a blowing ratio
of m=0.5, (2) two staggered rows of film-cooling holes with a blowing ratio of
m=1.05, and (3) two staggered rows of film-cooling holes with a blowing ratio
of m=1.5.

For configuration 3, measurements are made downstream of six injection
arrangements: (1) two staggered rows of film-cooling holes with a blowing ratio
of m=0.5, (2) two staggered rows of film-cooling holes with a blowing ratio of
m=1.0, (3) two staggered rows of film-cooling holes with a blowing ratio of
m=1.5, (4) one row of film-cooling holes with blowing ratio of m=0.5, (§) one
row of film-cooling holes with blowing ratio of m=1.0, and (6) one row of film-

cooling holes with blowing ratio of m=1.5.
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Results indicate that effectiveness depends mostly on four parameters:
simple or compound angle injection, spanwise hole spacing, one or two rows of
holes, and blowing ratio. Results show show that for a specified blowing ratio,
for all configurations tested to date, spanwise-averaged adiabatic effectiveness is
greatest at lower x/d values but decreases with streamwise development as the
injectant is convected downstream. The rate of spanwise-averaged adiabatic
effectiveness decrease is dependent on the blowing ratio, and mostly a result of
lift-off of the injectant from the test surface at x/d values less than about 20. At
larger x/d, spanwise-averaged adiabatic effectiveness values generally increase
with blowing ratio mostly because of greater amounts of injectant along the test
surfacc. Results further show that show that the iso-energetic Stanton number
ratio lies between 1 and 1.35 for all cases studied and generally increases with
blowing ratio for a given x/d and a given injection hole configuration.

Spanwise averaged magnitudes of the adiabatic film-cooling effectiveness
downstream of compound angle injection configurations are generally higher
than ones downstream of simple angle configurations at x/d less than 20-30 when
compared for the same blowing ratio (m), streamwise location (x/d), and
streamwise hole spacing (s/d). Finally, spanwise-averaged adiabatic effectiveness
values measured downstream of two rows of holes are approximately 30-70%
higher than values obtained downstream of a single row of holes due to greater

amounts of injectant along the test surface.
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APPENDIX A: FIGURES

Appendix A contains all of the figures generated for this thesis. The figures
presented include: test set-up; injection hole configurations; plots of Stanton
number ratios as dependent upon position; plots of spanwise-averaged adiabatic
effectiveness and iso-energetic Stanton number ratios as dependent upon position;
spatially resolved plots of spanwise-averaged adiabatic effectiveness, iso-energetic
Stanton number ratio, and Stanton number ratio for 6 values near 1.5; and

spanwise plots of velocity, pressure and temperature for the nine configurations.
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Baseline data configuration 2
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and Experimental Measurements, Configuration 2
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Baseline data configuration 3
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Figure 10. Baseline Stanton Number Comparison Between Exact Solution
and Experimental Measurements, Configuration 3
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Figure 11. St/Sto Versus x/d for Various 6 Values with m=0.5, [Ref. Ligrani,
Bishop, Ciriello}




0°0=P/Z ‘'V'LL=P/x ‘S'0=W ‘sM0OY T ‘3[8uy 3[dwIS ‘g SNSIIA OISAS

0'0=0d/Z VLAHL SA OLS/LS

VLIHL
0¥ S¢ 0t S2 02 ¢SI 0T S0 00
i ) | 1 L 1 L
o
o
-
8'9=d/X o e
ANJADIT o
-
o
"9
-2 O
[« -]
o
Mo

WO 2 TTONV TTINIS S0=N

7L andig

45




0'0=P/Z ‘v'LI=P/X ‘§'0=wW1 ‘sm0Y T ‘3[Buy 3[dung g snsidp 0iSAS ‘€[ amByy

0°0=0d/Z VILIHL SA 0LS/1S

VLIHL
0y g€ 0¢ §2 02 ¢1 0T g0 00
l 1

-1 1 1 1

T T
80 90 %0 ¢0 00

0LS/LS

¥y'L1=d/X o
ANIOIT

1 ¥

o't

\

2’1

¥

MOY 2 TIONY TTdIWIS S0




0'0=P/Z ‘TEE=P/X ‘§°0=w ‘smoYy 7 ‘3Buy adwig ‘g snsiap 0)5ns  pI amByy

0'0=0/Z V13HL SA 01S/LS
VIAHL
V)8 4 ¢t 0 cge o._m o._« 1 ¢ m._o 00

1 —k 1 L

1

2'ee=q/X o
ANAOIT

01S/1S

-+
80 90 ¥0 20 00

-
0’1

2’1

¥l

MOY ¢ d'TONV d'TdNIS S0=IN

47



0'0=P/z ‘b'PS=p/x ‘5'0=wi ‘sm0Y T ‘3[8uy a[duns ‘g sns1ap 0)gAs  ‘Sp By

0°0=0d/Z VIIHL SA 0LS/LS

VLIHL
0y S¢ 0¢ g2 02 §I 0T S0 00
1 1 i

L ] 1 1

1

¥ys=d/X o
ANJOAT

T

B'IO 90 ?'TO 20 00
01S/1S

i

01

c'l

¥

MOY ¢ d'TONV d'TdINIS G 0=




0°0=P/Z ‘9°5.=P/x ‘G'0=w ‘sm0Y T ‘3[Buy a1dwig ‘g sns1ap '0)5/1S

0'0=0d/Z V1IHL SA 0LS/1S

VLIHL
0y SE€ 0 ¢2 0% §1 01 S0 00
i 1

1 1 L |

g0 90 ¥%¥0 <20 00

9'¢=d/X o
ANIOAT

¥

I

0lS/1S

I

0’7

-t
c’l

i

MOd ¢ H'TONV d'TdNIS G0=N

‘91 aun8ig

49




0°0-P/Z ‘L'96=P/X ‘G*0=w ‘smoY T ‘3[3uy a[duiig ‘g Sns1dp 0)SAS LI unBig

0'0=d/Z V1IHL SA 0LS/LS

VLIHL
0¥ S€ 0¢€ ¢2 02 ST 0T S0 00
1 1 i

1 | { i

T

80 90 0 <20 00

L96=0d/X o
ANJOIT

=

01S/1S

i

i

01

]

c’l

]

MOY 2 ATONV TTdINIS S0=N

50



a8eiday asimuedg ‘G'0=w ‘smoy 7 ‘3[Buy ajdung ‘p/x sns1dp L gp andiy

a/x
0°G6 0°GB 0°GL 0'GY 0°SS O0'SY 0'SE 0'Se O'ST O'S
1 1 { | I [ 1 )1 I 0
(o]
o
O 1y
&
"1y
M
| OO
s 3
<
o5
o M
n
nn
Q
™ o
(=]
Q
'\
(4]

G'0=IN d0d SSANHALLOHAAH

51



3Berday Isimuedg ‘g'o=wi ‘smoy 7 ‘3[8uy 3jduiig ‘p/x SNSIIA 0ISHIS ‘61 amByyg

0°0T=dNIf S'0=N

a/x
0'66 0°G8 0°SL 0°S9 0°GS 0°S¥ 0°SE 0°G2 0'ST 0°C
1 1 1 ] 1 L ] 1 1

60 80 40 90

OILlvVY °1LS

| 1

01

7

]

v
B!

c'l

€1

OILVY "LS "HINH—-OSI

52



6'0=w ‘smoy g ‘3[8uy ajdunig U jo uoneuep asimuedg

PrzZ
S/W @1 = ALIDOT3A °S' 4 @ @c __e'el @' @'ei- s.wm
S' = OI.bHY ONIMOME - Ty

MOY¥ 2 319NY 31dWIS et o otot -~ !,

2021°1691% = 3460 »
O Li=psx d
_.nm%\ué ) 19
g

m.vt\n {i\.\ .

4 L L) L] v L LS T

p CU=p/x {{t*\ B

ﬁ -
L A A 4 A A n i

SS3IN3AILD3443 ONITOO0O-WTII A

‘0z amBiyg

53




§'0=wl ‘smoy 7 ‘3fBuy ajduiis ‘015/S jo uoneuen asimueds Iz anSyy

e

Pz
S/H @1 = ALIJ0T3A 'S’ 4 @z eel oo @'el- 0'82-
S° = OIlUY ONIMOTE ' ’ ' ' ! ) !
MOY 2 37dWIS —— . .
8021°1691% = 31Hd v v v T v 16°@
1 q11°1
TPty v — ¥
LR
—_——tr 7 M 1 dg-1 |
. ] 15741S |
_.z._.:r\((rk/\/\{)\(. r by |
1
f T v T U Y T T . .;
€ ¥S=p/x éi
p Clup/r g}"\'jf B -
3 ] ]
. g"}\.’f" . §
B 96=p/x
i .

OIlda # NOINULS DIL3IDJ3IN3-0SI



65°1=0 ‘§'0=w ‘smoY 7 ‘3[3uy aidung ‘0igns jo uoyeuey asimuedsg

Prz
S/W @1 = ALIJ03A °S°4 e‘ez @'er @0-'@ @'al- ©°'0e2-
° = OIi64 ININOTE v
8665 ° I=6L3HL Tl ],

SSEI° 16210 = 3lWQ

A
L
n m —- 0O N N

(=4
-,
wn
N

1S

SOILUY A3GWNN NOLNUYLS

"TT amByg

55




0°0=P/z ‘§'9=p/X ‘0"'1=W ‘smoYy T ‘3[3uy ajduiig ‘g sns1ap 015/1S ‘€7 undig

0°0=0d/7Z VIAHL SA 0lS/LS

VLAdH.L
(VD 4 ¢t 0t ¢ge 0z <1 0’7 ¢o 00
| - | § f 1 i ¥
(=)
o
o
89=d/X o n
ANADIT o
-
o4
"
O
o)
S
o

MO 2 ATONV TTIINIS SO T=I



0'0=P/Z ‘b"LI=P/X ‘0'L=u ‘sM0Y T ‘3[Buy 3[duwg ‘g SNSIIA 01S/IS

0°0=0/Z VIIHL SA 01LS/1S

VILAHL
0Oy Gt 0t G2 02 G 0T S0 00
i 1 1 | -4 | L
=3
o
- O
¥L1=d/X © e
ANHDAT R
-
o
R
'l.om
(= -]
o
o

MOY 2 TTONV TTAINIS CO'T=]

‘pz anBy

57




0'0=P/Z ‘T'EE=P/X ‘0’L=w ‘smoY Z ‘3[Buy ddwig ‘g snsiap 0IgNS

0'0=d/Z VIIHIL SA 0LS/LS

VLAHIL
10 4 ce Qg g (1 24 c1 07 0 00
] IS 1 ] i | 1
o
o
o
2ee=4d/X o b
ANJdOIT o
-
o
JQ.W
Q
2o
s
-
N

MOY 2 TTONV TTINIS CO'T=]

‘6T anSig

58




0°0=p/z ‘v'PS=p/X ‘0'T=wW ‘sm0Y T ‘3[8uy a|dunig ‘g sns1ap 0ISAS ‘9z unSiy

0'0=0/Z VIAHL SA 0LS/IS

VLIHL
o'y n._n 0¢ n._m o._N n._- 0T <0 00
S
- ©
¥¥S=q/X o i
ANIDIT o
»
o3
juy
.3
[= -]
o
"o

MOY 2 ATONV TTIWIS CO'T=]

59




0°0=P/Z ‘9'SL=p/X ‘0’I=W ‘smoY T ‘3[Buy a|duns ‘g sNsIaA 0ISAS

0°0=0d/Z VIAHIL SA 0LS/LS

VIIHL
0¥ S¢ 0t G2 02 g1 0T S0 00
L [ 1 ] | l |
[=]
o
Lo
9C/=0/X_0 S
ANIOHT o
'S
o9
®%
o3
[+ ]
"5
"

MO 2 TTONY ATWIS SO T=IN

"Lz a3y

60




0'0=P/Z ‘L'96=P/x ‘0'I=wW ‘smo0Y Z ‘3]8uy a[duig ‘g sns1dA 0)S/AS

0'0=0d/Z VIIHL SA OLS/LS

VIIHL
oy o._m o._n n._N o._N n._— o._a n.w 00

a

Lo

L96=0/X_© o
ANIDAT o

'S

o

(=]

Lo

[= ]

B

o

0lS/1S

MO 2 ATONV TTAINIS S0 T=IN

"8z a3y

61




aferaay asimuedg ‘0'L=w ‘smoy z ‘3j3uy ajdung ‘p/x sns1ap U ‘67 unBrg

SANTVA VLIHL JAId

a/x
0°G6 0°G8 0°SL 0°'S9 0°GS 0°S¥Y 0°'SE 0°S2 O0°'ST 0°S
1 I 1 1 1 i ] I Il o
o
Q
Q
s 3
&
~ry
°Q
- .
e
=
:m Z
o™
m\|\|m/m\\¢u\\l\mll0 S
0)]
o
K
(=]
o

SO T=N 40d SSINAALLOAAAL

62



3Beiaay asimueds ‘0 1=w ‘smoy Z ‘d[Buy Ijdwig ‘p/x sns1ap 0jSJIS  0€ MNnBig

SINTVA VLIHL JAId SO'T=N

a/x
c.nfa 0°'G8 0°GL 0°G9 0SS 0S¥ 0'GE 0'G2 O'ST O'C
| 1 [ 1 { 1

i 1

]

60 80 40 90

OILVY "LS

1 T

T

01

'y

1

c'l

£l

OLLVd LS "diANA—0S]

63




0'I=w ‘smoy 7 ‘2[8uy ajduig ‘U jo uoneuep asimuedg
Prz
S/W §°6 = ALIJOTIA 'S’ J @eec ol 60 eol- ez
S@°1 = 0I.bY ONIMOTE 1yt
MOY 2 3719NY 31dWIS LA SOV SO UU SUPU O al RN
8821°1691r = 3160 »
2 Lisp/ 1 1v'e
—.ﬂﬂl‘\ﬂ (f‘-..}\"‘;’t\' L “1 -1 w .&
L] L 4 L ¥ L L L L 1 b ml&
] bl

A A el — A A S

SSIAN3AILO3443 ONIN00D-WII 4

‘1€ aunSyg



0'I=ul ‘smoY 7 ‘3j3uy 3dwig ‘0IG/)IS Jo uoyeue, simuedg
Prz
S/W S°6 = ALIDOT3IA °S° 4 &“&N . Q“&_ . 8“& « &“&_l QONNI&
S8°1 = OIlud ONIMOTH

MON 2 319NY ITdWIS — 1 e
1S91°1691% = 3180 6°@
4400 Bl T 7 — ’ —

r T S =prey T T Lf T
N | e
-4

v v L N-N—-"‘\ﬂ LA v L T ’ N m ) —

l 0157415

1"EE=p/2 5{’\(‘13

£ ¥S=p/x f‘\'t‘.”éi 4

L L

RITFY S ana VPSS UBE RS S S A -

Oliud *% NOLNULS DIL3D343N3-0SI

—_

‘Z€ amBiy

65




99°1=0 ‘0'I=wW ‘sm0Y ¢ ‘3[Buy 3[dung ‘0)gAS jo uoneurep simueds ‘¢ amBy

PrZ
S/W §°6 = ALID03A °S°4 e-a2 90l e'e @'0l- B-'82-
$8°1 = OILUN ONIMOTE r J ' — T —— A
a.n_._mwmw._&wwuw_ ———— ———————————— {1¢°@
- . N
ey !#bbtbbbb()&\\)()ﬂ()( l 46°@
e 41°1
< Lm.—
1 4 “48°1
- | 015718
) 8
R _ m " - ]

SOILlPY a3dWNN NOLNWYLS




0'0=P/z ‘8'9=P/x ‘S'I=wW ‘smoYy T ‘3[3uy 3|dung ‘g sns1aA 0IS/IS

0'0=0/Z V1dHL SA 0LS/LS

VIAHL
(VI8 4 w._n o._n G'e o._N n..— O..« n.m 00
g9=d/X o i
aANTOAT i

T

i

T

80 90 ¥0 <20 00

0.LS/LS

T

01

MO 2 ATONV TTAWIS ST=I

el

[

‘g auandiy

67




00°0=P/Z ‘b’LI=P/X ‘S'I=W ‘sm0Y 7 ‘3j8uy 3|dwig ‘g snsIdp 0)SNS 'S¢ amBig

0°'0=0/Z VIIHL SA 0LS/LS

VILAHL
oy gt 0t ¢ 02 c'I 0’1 g0 00
H 1 ] 1 { 1 L

o

o

o

¥L1=0/X o o

ANJIDAT o

'S
A

- ©
)
-

o]

o

o

MOM 2 TTONV TTANIS ¢ 1=

68



0°0=P/Z ‘TEE=P/X ‘S'I=W ‘8m0Y Z ‘3[3uy 2jduig ‘g SnsI1aA 0)SNS

0°0=Q/Z VIAHIL SA 01S/LS

VLIHL
0% ¢¢ 0¢ g2 02 ST 0T S0 00
N} |

1 i 1 ! -

|

2'ee=0/X o
ANJOIT

T
g0 90 ¥0 20 00

i 1

t

0T

i

AN

—

MOM & ATONV TTANIS ST=W

0LS/LS

‘9¢ 21n3yy

69



0'0=P/Z ‘'¥S=P/X ‘S'T=wW ‘smoYy 7 ‘3[3uy a1duxg ‘g sns1ap 0ISAS

0°0=0d/Z VIIHL SA 0LS/LS

VIIHL
0y G¢€ 0t ¢¢ 07°¢ S 0T S0 00
d ] 1 | 1 i 1 o
o
Lo
¥¥6=0/X 0 S
ANIDET o
-3
o
> %
.-
(o]
o
Mo

MOY © dTONV d'IdNIS S T=N

L€ By

70



0°0=P/Z ‘9°SL=P/X ‘S’ =W ‘sM0Y T ‘3[8uy 3jdwig ‘g sSnsIdA 01GAS  °g¢ B

0°0=0/Z VIIHL SA 0LS/LS

VLJIHL
Oy ¢t 0¢ ¢S¢ 072 1 | 01 S0 00
l i 1 L 1 1 1 |
| e
o
L o
9'¢/~=d/X © i
ANAOHT -
-
o3
)
-
TOO
[+ ]
o
o
-

MO ¢ HTONV dTdNIS ST=N

71



0°0=P/Z ‘L'96=P/X ‘§'I=w ‘sm0Y T ‘3[3uy a1duIig ‘g SNSIIA 0ISAS

0'0=0/Z VIIHL SA 0LS/LS

0 ¢t 0¢

. d

VLIHL
0z 1 07

1

g0 00
1

.96=0/X O
ANIDAT

I

1

-+
g0 90 ¥0 20 00

T

-
0’1

—
2’1

3

01S/1S

MOY 2 TTONV TTANIS S T=I

‘6€ 3nJ1g




aBe1aay asimueds ‘s'1=w ‘smoy Z ‘3j8uy ajdung ‘p/x snsiap b 'gp anSig

. a/x
0021 00071 008 0°09 Qo¥ 002 00
1

1 A i A

SSANIAILOAIA3

82°0 $2°0 02°0 91°0 21'0 800 ¥0'©0°0

d/X SA V14

TTGTEW MOE & dNIS Y

Eom g dNIS o

0=N MQde dNIS o
ANJOdT

73



3Beraay asimuedg ‘s I=wi ‘smoy g ‘af8uy ajdung ‘p/x snsIap OIS/HIS ‘I a3

MOdY ¢ dTONV HTdNIS G T=I

a/x
0°C6 0°S8 0°SZ 0°S9 0°'SS 0°SF 0°GE 0°G2 0°GT 0°C
L 1 | i N 1 1 | 1
o
o)}
]
Q2
.o
wn
- © —
o
=3
-
O -
N
o
)
N

OLLVY "LS "HANA—-0SI

74



G'I=w ‘smoy 7 ‘3[3uy 3jduig ‘U jo uoneuep asimueds  zp aIndig

Pz
e e'e2 0°'0l ) @'ei- @'e2-
S/W @1 = ALIJ013A 'S°J : .
G'1 = OIlYY ONIMOTE gAx T T T T e
MO¥ 2 319NY 31dHWIS T reesea estotea pteet” o0
2v61°(6EZY = 31HQ B
L e a——
[P/t Seeaaaersosaneses ] _w.o
| — v ] Al T T T T J H m-&
613
VP e o e eamaaea™

p5Lapn Nag -~ ]
£ 2 7.0 VOGP el 1

w
| -

—l - 4. 1 i vy — -

SS3MN3AILD3 443 ONITI00O-WIIS

1 —1 P [ WSUI— |
1




S'I=W ‘smoy Z ‘3[3uy adunig ‘015518 jo uonjeuep asimuedg

Prz
e s Q°'a¢2 801 0°'Q a'otl- Q62—
S/W @1 = ALIDON3A *S’'3 - - .
§'1 = OILb¥ ONIMOTE L A 1479
MOY 2 3T19NY 3dWIS r . ' r . . . . i .
S61°16E2r = 3160 d_ 6°@
4 1°1
r T Nd_m lt\ﬂq T T T T a.
4 T 1€E€°1
i\hhvﬁqr_l' . .~ 1 S
! 10157318
1 EE=psx F‘\P“"{‘\"{Iﬂ lm
r 1 T T T T L] ¥ ” w

£ ¥5=p/x

L L]

s b SLp/t

| NSRS WSS WpI—
— i1

L

yS6eb2 insneeen e s an Wt

A A i A 1 A A

OI1Hy # NOINUHLS DOIL3D83N3-8SI

"€p 33§

76




99'1=0 ‘S'I=w ‘smoYy 7 ‘3[3uy 3jdung ‘oygng jo uoneuey asimueds  py andyy

Pz
S/W @1 = ALID0T3A °S°J Q@c @@l @b _@@8i- Bz
Sl = OIlUY ONIMOTE '
MO¥ 2 319NY 3TdWIS i . . r . - . i 1¢°@
9661 i6€E2y = 3lb0 ‘Q «0/X
U9 e oaa oA . _a le-a
L B
‘~ 1 €1
r 1 w51
| 016718

- -+
|
—! 1 i - 1 i Y l.r.li\_

SOIld”d d3HWNN NOLNYLS




0°0=P/Z ‘8'9=p/x ‘S°0=W ‘sM0I T ‘3[3uy punodwio)) ‘g snsI1dp 0)51S sy AP

0°0=0d/Z V1AHIL SA 0.LS/1S

VILAHL
(108 4 Gt 0t ¢'e 0'¢ 118 § 01 S0 00
| ] 1 1 I 1 1
©
o
L ©
N
| ©
>
4
el
& 0
8°9=0/X o | o =
ANIOAT > ©
o
12
'S

MOYd ¢ ATONV ANNOdNOO G 0=

78




0°0=P/z '9’L1I=P/X ‘§'0=wWl ‘sm0Y T ‘3[3uy punodwo) g Sns12A 0ISNS

0°0=0/Z VILIHL SA OLS/LS

VIAHL
(1) 4 c't 0t ¢e Q¢ c'l 01 ¢0o 00
[l Il 1 | | 1 1
i
o
- O
')
)
-
| o
(o]
> 9
o
S = O
9Z1=a/X © o
ANTOET .
o
o
-

MOY ¢ HTONV ANNOJNOD S0=IN

9y a8

79




0°0=P/z ‘g'€€=p/X ‘§'0=u ‘smoy ¢ ‘3[8uy punoduiod ‘g sns1aA 0ISNS

0'0=d/Z VIIHL SA 0LS/LS

VLAHL
(184 ¢t 0°¢ g'ec 02 c'I 00
F. I 1 1 ] 0
o
Lo
gee=a/X o S
ANADHET o
N7
-gmw
ﬁw o
=
o

MOY ¢ A'TONV ANNOJNOD m.omz

YAX UV 8

80




0'0=P/Z ‘S’SS=P/x ‘g’0=u ‘sm0Y Z ‘3[Buy pumodwio) ‘g snsi1dp 0)gAS gy anBig

0°0=d/Z VIAHL SA 0LS/LS

VLIHL
v ¢t 0t g¢c 0'¢ ¢l 01 o0 00
Il 1 ' 1 . . 1 |
o
o
Lo
G'¢éc=d/X o ©
ANIOAT o
NS
o4
® 0
o3
(=]
/rm
Tt

MOY ¢ dTONV ANNOdNOD m.oME

81




0°0=d/Z VIIHL SA 0LS/1S

oy c..n 0s 9¢

i 1

VLIHL
03 97

0°0=P/Z ‘U'LL=P/x ‘§'0=wW ‘smoY T ‘3[8uy punodwo) ‘g sns1ap oigng

T'L=1/X
ANIIAT

1

.

¥

01S/1S

J T
0T €0 90 %0 20 00

-
T @1

MO 2 TTONV ANNOJINOD CO=I

‘6% a3y

82




0°0=P/Z ‘L’86=P/X ‘§'0=w ‘smoY 7 ‘3|8uy punodwio>) ‘g snsiap 0ISAS

0'0=0/Z VIAHL SA OLS/LS

V.LIHL

o'y n._n o.m w.w.. o._N n.h 0T S0 00
o

v Lo
L'86=0/X o ©
ANIOAT =
of~

Lo

o

| ©

=]

|-

{1 ©

s

01S/1S

MOY & ITONV ANNOJINOD G'0=I

"0S a8y

83




. . ’ +

3desaay Isimueds ‘Go=w ‘smoy 7 ‘ajduy punodwo) ‘p/x snsiap L g amnBiy

dTONV GNNOdIWOD MOY ¢

a/x
0°G6 0S8 0'GL 0'G9 0SS O0'GyY 0'SE 0'Se O'ST O'C
] 1 1 ) ] ] | . & |

i

+
0€'0 G620 020 G1'0 010 GO'000°Q

V

SSINIAILOIAAE

—

1

|
G'0= d0d SSANHAILLOHAAL




a8erday asmmuedg ‘g'o=w ‘smoy 7 ‘2[8uy punodwo) ‘p/x sns1dp 0IS/HIS

MOY ¢ A'TONV ANNOdNOI S'0=H

0°G6 0°G8 0°GL 0°G9 0°SS 0°S¥ 0°GE 0°SeS 0°GI 0°S
L i 1 ] L 1 1 L1

as/x

1]
®
1y

3

T

60 80 40 90

OIlvY "1S

t

i

-
01

T
|4

T

c'l

OLLVY "LS "dUNH—-0SI

£l

‘S am8yy

85




§'0=wW ‘smoy Z ‘3[8uy punodwo)) ‘L jo uoneuep asimuedg °gg andig

Pz
S/W @1 = ALIJ0T3A 'S’ 4 b'ez @'el @@  eal- 0 0y
G = 0Ilbd INIMOTE
e aise g VT ) 120
gt teesaescteseteonn 1 {v'@
BEEP/X “Seesacocssosscoosset e 3°0
(Pt “Seaeeeecscscscectess | | 18l
| mm——

1°LL=prX% b 2 PPN

T T T L T - 1 T

m.mmnt\x tte s 0 eacesssnsoscvsosess

_

- 1

| |
|

) | -y i 1 i 1 1

SS3INIAILD3443 ONITTO00D-WTI 4




—m -

T T amn oy T2 2 ”
T, \ I -

JUSTSUURUOUURPSE S-S
.w.__we, .

- -4

t
~ . L 1 1 i —4 )

OIldad # NOLNULS DI13D243N3-0SI

G'0=uW ‘smoy ¢ ‘313uy punodwo)) ‘015/JiS JO uoneuep asimuedg
PV
S/H B1 = ALID0TIA 'S4 @'ee @el ee @@i- B08c,
G' = 0IlbN ONIMOIE
319NY ONNOJWOD MOY 2 A le o
pS8B° 16125 = 3160 3'q p/1 \/[ g
f T T T T T ,< T i, TP
9°L1=psx ] ._ 1€t
r T LI }{‘I[h i .._ - &°1
°EE=P/X 0157415
- -
— LA P o = R e e . ;
§'GG=p/x

‘ps aundry

87




¥S°'1=0 ‘S'0=uWl ‘sm0Y ¢ ‘3[8uy punodwo)) ‘0igAS jo uoyeuep asimueds ‘g6 unJig

S/W B8] = ALID0N3A 'S°J

S' = OI.lbd ONIMOTE
UNNOdWOD MOY 2 95° I=tl3HL
BE2I 16128

= 3140

| S S

9 L1=psx

PPN W W W AP W WP =

L]

b
ﬂ.aauu\-

T

1" UL=P/%

}}D‘Ot{t‘

L L ¥

1
L.
+

4 e i

SOIldad d3HWNN

4

| S PR

NOLNHLS

——a

1




6'6=P/x ‘S'0=u ‘sm0y] T ‘2[8uy punodwo) ‘pja1g LID0[2A\ sIMwWedNg ‘95 anBiyg

at < @i
8! » §£°6@ «v 6 8§°2 >» & by
£ >» € ¢ Q0 ¢ > §°9 < §
8> &9 <V ¢ £ >» 9 «<v 3
£°0 >» 0 «'' 8 8> §£°8 ¢t}
®>» §°¢& ¢ 8 £°8 t 8
§°6G = P/% S0~ NMOW 3 SIVNGN (S/W)xN)
(®o) 7
e [ 1 4 3 [ ] a- - | a- al- N~ -
VT Ty P YT Y] YT T YT T p e T T vy vy T8

89

(wo) 4

'Mlbllfl'lll.. &
od adoa hsdoe Loa f.a 4w b-2 boon boa d.at s b d !l o d.e S st s ) oa

N
CG/0° 16EQ8¢ NN




6'6=p/X ‘s'0=w ‘sm0Yy T ‘3[3uy punodwo) ‘p1 anssal asimwedl}s g undyg

88 «: @1
8BS » 28 ¢ 8 SE » 2E <t ¥
2GS > By 8 2E » 82 <t €
8r > Fr (4 L 82 » #2 ¢ 2
v > @» 1 8 vZ > @82 ¢ 1
@y > 9€ ¢t § [ T2 a

6°8=P/% S @e" MON 2 SIONUY (9190884) 103034

(®3) A

- -]
- L
[P PO WP SO WG WY PO WU S SR GV SR SRR o d-a A el o B _a_b.a b_a_d s L A b o

te3iold

SGZ0° 16EQB# NNA

90




€PP=p/x ‘S'0=w ‘smoY T ‘33uy punodwo)) ‘pjatf L1103 sImwedsyg  ‘gs andiy

@t < @l
8l » &6 ¢ & §'¢ 2 <& <V »
$'8)» 8 < @ & 2 89 <V E
€ > &°8 <t ¢ £'9 > 9 ¢ 2
s8> @ ¢« 9 9> &°8 ¢ 1
® > §°¢2 ¢ 8§ S'S LI -
€00 = P/n C'8=" MOM 2 SIONUN (P/®W)n)
(w2) 2
[ [ ) [ 4 L e a- v- 8- e- [ 1% - (AN
]‘11:-|jltﬂljl r ld\ln‘ 11'1 jl‘ -r |ﬂ|l|1|- ‘-V{d v — \411-!.1} 4 4\- dlqll‘. ﬁrqiljv d'ﬁll.
-~ - e o e e e e T #
’/I\\\\I//%/.l\\!/: .l\\\’)l/x\\\\l/ﬁl‘“\\\\/(.-\\”«/’l L
— T — T~ — - e ~—
— e T g / e — - —~ - ~ - Il\ll\\’/‘.\ 4
T N o T e e e T e T T
ll-‘..ll\'/‘lll\.\\v‘. ///////// - T~ vl.\\llll\\ /.\H\\“\I‘\\ T?
}\\.\/I\\l{\\r/l\\}.{\ -
\\\\ «
——— e T N e e e T T s * € N
_—— — - — - a
|
y -
Aw s
Al “{- 9
i
'H N
JPOR S QPO WIS U SR SIS WU SNV I SUNPEE SO REEPRNE SRR SR S S SO U TR RN G .

N
Sl 16208% NNY

91




CPh=P/X ‘0= ‘smoy 7 ‘3[8uy punodwo)) ‘p[3i] 2INsSAIJ ISIMWEA}S

8s <& @l
86 > 2% ¢ 8 8€ » 26€ ¢V »
2 » By ¢t 8 2€ » 82 <« §
ey > or <t 2 82 » s2 ' 2
*r > 8% i 8 e > 82 < )
@y » 9€ ¢t § az » 'ae
C'obeP/X £°@=8 MON 2 SIDNUYN (®(|%388g) 19303y
’ (w2) 7
] 9 [ 4 [ (] I ad - [ 8-

11“4‘14" T 7 1 ¥ T Id"dlivJ‘--II*.»n‘l q{d’}l]‘d“ﬂl’]lﬂ‘;ldl:ﬁju"l

L‘I*L| | NP WYY W SIS UV W WU U ViR SuUi Ve PR RSP SN S W SO WU S RSN U ST R WP | Il%v‘

1®303d

rS11 16408+ NO>

21— »)-

R 4

"6S 2andig

(w3) A

92




£98=p/X ‘5'0=w ‘smoy Z ‘3[8uy punodwo) ‘pja1y AdOPRA asimwiednys 09 a8y

ol «t 91
81 > £°6 <t 8 €L > L ¢V b
&80 > 8 0 &> 69 «v €
8 » £°60 ¢«v ¢ £°9 > 9 «¢v 2
&8> 0 9 9> 6°6 <t I
0> 6°¢ ¢ & £°6 > L
€°98= G/X §°0=" MON 2 E3IDNUGN (O/8)XN
(®0) 7
L) ® 1 4 Y - (] 2= »- [ 8- at- ei- '.H'
- ELAE Zues et i s wem dn mEA Sae e aane S o EES ey d Ghe BEe S SEASE RENA AN R SGS SanAu SRS REAARS BELA RN SN RN AN ¢
—_— -~ . -—4 —p— +
lﬁ.
4+
+ 2
lrﬂ)
1 H
..T.'(
}
-+ &
4
<+ 8
+
..._Tu
P‘-FP--P--bLF-r.P»-L!»I-Pnnp»%hbn-PPL»bﬁr- —8

XN
creo- 16128 NNA

93




£'98=P/X ‘S'0=W ‘smoY ¢ ‘3[3uy punodwo)) ‘pja1] NsSsI1J ISIMILA)S

s <t O
86 > 26 v 8 €
Z68 > O < @ t4
oF > Pb <2 ¢ [ I
oy > O¥ <t 9 ve
8 > 9€C <« 6 o2

€ 90=P/% & Q="

v Vv v v Vv

26
0z <«
ve <«
@ «t

MOM 2 B3IDNUN (018088 (ej03y

(®o) 7
- | & 9-

8 - a8

‘19 aandiy

ot

U N U SRS I S |
Y + T

I M s G G—— —— —— -

——
- — —— — ——— —

|®303d

cbBO° 161268 NN

(®3) 4

94




6°6=P/x ‘'S'0=wi ‘“m0Y 7 ‘3[8uy punodwo) ‘uonnquysig juepafu] asimweang ‘79 amdiy

6'® <« § [ 2 e ¢V »
[ 2 ®» <V @8 e §'1 ¢V ¢
> 6°€ ¢V ¢ &£°1 >» 1 <« 2
R'€E» € «' 8 I » €° «v 3
€ > 62 ¢«¢ § [ - 'e@Q
6°8 = P/x G'O=" MOM 2 S3IONUN (SNID1ID)®PL - 3
' (®wo) 72
[ 9 |4 F (] - - [ o [ B al- L4 8 vi-
i 2s0 i Sk e b ek sl ol M A IR oo s SR S e i e BRI Rd b i S B A e B e R & LR T Sl T H..i
.+ e
+ |
HE: T
T {e
T <
+e¢
1 g
T T
_ $
i + s
+ o & O +
T
.ﬂ. o « Q ot T ¢
< +
F'n?l-ll.btbb. RLID L osa_b.a 2 s 8 40 v o 4 .a 3 .20 a. Lo b a4 a2} oo acbosdu b bui.—ll‘
< Sj1L - 1 o
N

2Zvl 16206 NNY

95




£Ph=p/x ‘s'0=w ‘smoy g ‘3j8uy punodwo) ‘vonnquysicy Juepsfuj asimureanis g9 ainSiy

&'y ¢V 6 e » 2 <« ¥
S > » <t @ 2> 6&°1 & E
> £°€C <t ¢ €1 » 1 ¢v @
'€ » E ¢t 9 t>» & «v 1
€>» &2 ¢ § & LA )

€°'bp = P/X £°@=" MOM 2 SIDNUYN (SNIDTNID)®4L - )

. (®0) 7 °
[ 9 14 quc W - WI 'MJ\I “.M . “! - al- a;Nqul 0—-“.
- Ty R TESAT T L e A e | ] Bl s X ooy B ~npn @A ¥ i e
4& ﬁwv ‘7 \w \MKWlfl\b pS \\//(\}\\IIJH\\\\I//V H
HAVH\I\»./I«HH\\\M..I/II)I\\‘\) e~ T~ TN —— .
LI e T ~— /lnr/!.\,\ llllll ZANmPA T e .
C e ) T e v_v
- |i‘.\\ ll\lal\) ‘\./.\'(\/\\l‘,\.‘l»lll/\r/.\{ /\/\r/ . <
p. €
i
2
T = o y
T N e o o .
o - OV !
4 +
T Q Aﬂvo 49
+ 2 ? {.
+ ° , +
USRI SHDPURE SUE T FENT U R RY SR R SUOY NN RN WY RPI R SRR B R .Q- a- s _L s g s LA‘. F..L!b.
[}

AN <
>° !
7 A S#L - L

ISvI°“16v064 NNA

96




[ 3

e

b ottt -

£'98=p/X ‘s'0=u ‘smoy Z ‘3j8uy punodwo) ‘uonnquisiqg juepafuj asimureans

§°0 <t @ £§'2)>» 2 ¢t »
8> » <t @ e » S§°1 ¢4 €
» > K°€ vV ¢ £°1 > 1 «v 2
'€ > € «v 9 t » £° ¢ 1§
C?>» £°2 <t § s 19
£°80 = P/% £°0O=" MOM 2 S30NUM (SNIDTN3AD)%H - 1
. ..1 — [ 4 - 2 . _, 9~ A [ al- ei-
N e - ha hall Bl 7“0k By i - = L e -
AN GRS R LA e
e = NIAD TN N T S
NP A s ~oN e
A AR N SN
o " 4

1

A LS}
L

- > /’.l.llll\/\ —— -
T /ﬂ\\\llrl-l\. /\.V .\\\ T “y / <
=i 7 -

o /l\\i/l), e f\\\;l/l.\\lll./(\illl

<
Okv Q -

AIPUIY NPT DU oy RIS [ I S G S U S S W VRO SR S | FLL!M“I. | ISR WO WU DU S}

S
o Q
% ) s#L - 1 o

12° 169064 NNd

‘9 a3y

*

=

i s e s v Sk ek e B
| J

I

(we) A

97




0'0=p/Z ‘8'9=p/x ‘0'1=W ‘smoY T ‘3[8uy punodwo)) ‘g snsiap 0igAS g9 aunSyy

0°0=d/Z VLAIL SA 0LS/LS

V.IAILL
oy Gt 0'¢c G'3S 0'c G'1 07 g0 00
1 ! | } ) 1 1

©

o

- ©

N

=]

-
“

(e}
— B
8°0=(1/X © o
ANADAT o ©
o

" to

MOYU ¢ H'TONV ANNOdNOD 0'T=IN

98




0'0=P/Z ‘9°L1=P/x ‘"= ‘smoY T ‘3[3uy punodwio) g sns1ap 0)5/lS ‘99 anSyy

0°'0=d/Z VILAHL SA 0LS/LS

<——gMMHrHL
0y ¢¢ 0t ¢6¢ ¢0¢ gl 01T S0 00
i i | | | 1 i
©
o
- O
()
. O
-
Y]
.0
4
-0
; ; = O
GLI=(/X_© =
ANTDAT N
=
o

MO 2 ATONV ANNOIIWNOD 0'T=IN




0°0=P/Z ‘8'EE=P/X ‘0'I=wW ‘smo1 7 ‘318uy punodwo)) ‘g sns1dA 0JS/1S

0'0=0/Z VLAILL SA 0LS/LS

VIAILL
1 4 m..;n 0t n._m OMN Gl 0’7 n._o 00
TEE=a/X © |
(INMIDAT |

80 90 ¥0 €0 00

01LS/1S

01

1

c'l

L

MOM 2 ATONV ANNOJIWNOD 0 T=I

L9 anByy

100




0°0=P/z ‘§'SS=P/X ‘0'I=wi ‘smoYy Z ‘3[Buy punoduro) ‘g snsSI3A 0ISAS

0'0=0/Z V1AHL SA 01S/1S

V1AL
0V ¢t 0¢c S& 02 S 0T g0 00
Il 1 1 i i I 1

o

o

- ©

¢'6G=(/X 0 e
ANIDAT o
o~
3

(@]
N
9

o
-2 O

B

o

MO 2 TIONV ANNOJINOD O T=I

‘89 a3y

101




0°0=P/Z ‘I'LL=P/x ‘0'I=Wi ‘smoY Z ‘3[8uy punodwo) ‘g sNsIdA 0IS/IS

0'0=0/Z VIAHL SA OLS/LS

VLAHL
0y ¢t 0€ g2 02 ST 0T <0 00
-
T'L=0/X ©
UNIDAT _

80 90 »0 <0 00

01

¢l

—

"69 an3y]

01S/1S

MO ¢ A'TONV ANNOdNOD OAME

102




0°0=p/Z ‘L'86=P/X ‘0'l=W ‘smoy Z ‘3[Buy punodwio) g SNSIIA OISAS 0L a8y

0°0=0/Z V1AL SA 01S/1S

VLAILL
oy ©¢ 0% 6S¢ 0¢ 1 | 0’1 S0 00
| 1 1 d l 1 | o
o
.o
Z86=0/X o o
ANADHT o
[
o 3
0
.-
[0}
5
o

MO 2 ATONV ANNOdINOD 0 T=I

103




ageraay asimuedg ‘0'1=uwt ‘smoy  ‘3[8uy punodwo) ‘p/x snsidA U

SJTONV ANNOdWOD MOYU ¢

(1/X
0°G6 0S8 0°GL 0°S9 0°SS 0°Gy 0°GE 0°GZ 0'G1 0°G
)| 1 I | . 1 -4 L ) 1

<

o

o

o

=

o

.e

=

T ©
o

©

B

=

o

)

w

©

(9]

o

0 T=I J0d SSANAALLOH LA

SSANIAILDILIL

‘1, 3an3yy

104




a3erday asimuedg ‘o=t ‘smoy] Z ‘a18uy punodwo) ‘p/x snsiap 0)S/IS

UNNOdWOO MOYU ¢ 0°0T=ININ O'T=K

a/x
066 068 0°GL 0°99 0'GS O0'SY 06t 0'Ge 0°GY O°'¢C
| ] | | { i 1 i 1

i

60 80 40 90

OILVY "1S

1

T
07

T
11

I

1

¢l

€1

OLLVY "LS "dUNI-0SI

‘7L a8y

105




0'1=W ‘smoy 7 ‘313uy punodwo) ‘L jo uoneuney Isimuedg

S/W @1 = ALIDOTIA 5" 4 B'@e

| = 0l ONIMOTE oo T é
MO¥ 2 31INY ONNOdWO) L —— 15
ESEI"16216 = 3140
Y= /lo\}t{.aro\bb T 1°¢
— T T T T T T v ]
a.mmue\xf.[frﬁo}}ﬁb‘b{ . 1 7183
r T T T T T T T 4 ’ . 8
G"GG=p/x {}b i - EPM
— T T T T T T T - §
1" LL=prx {C\Y{}
/ "86=p/X g ]
N - i
~ b | i 1 4 i 1
SSANIATLD3 443 ONITNO00D-WI 4

"€, am8ig

106




0'1=W ‘smoy ¢ ‘3(Suy punodwo) ‘0)5/JIS JO uoneuep spmueds  pL a8y

P/
e 2 02 291 2'0 @°'81- 0'82-
S/H @1 = ALIDOT3A °S'3 de 4
| = OILbY ONIMOTE T L T <@
MOd 2 JT9NH (NNOdWOD k. )
6SE1" 16416 = 3LHQ L N_ﬂ_ ! T 16°0@
§'9 =p/x

&%V%A 110
T T B i b S 7 b

{

= S Tt
m.:u_if\»ok.( V

| .

T "7 T l”a\ﬁ g %b
grgpx S a |

4
T T T T .. 4 %

DINY s SN

L rav«»\t.f\/l\/»\t Jm
__1 86=p/ 4
1

—I'Lu 1 I} 1 Il 1 L
OIlga # MNOLNBLS DOI13D93N3-0SI

107




ZL°1=0 ‘00°1=W ‘smoy] 7 ‘3[8uy punodwo)

S/W @1 = ALIJ0T3A 'S’ 4 @°@ac 0ol

‘0)GNS JO uoneueA simueds gL anByg

P2z
B°0 B8°'A1- B°@2

I i T T T

I = 0I1b6y INIMOH
MOd 2 319NY ONNOdWO)

I T 1 T

88r1°16¢16 = 3160

8 CE=p/x

£GP/ {\.O.Q{%

B z}‘.\b{gr i}
"LL=PIX
T . L ]
[ {‘O\P{\n/ﬂ.ﬁ}{!ﬁ i ]
L "86=p/X .
A . - | 1 yu -1 A

SOI1ldHd d5HKWNN

—-

NOLNHL1S

108




6'6=p/X ‘0'1=wW ‘smoy ¢ ‘3j3uy punodwo) ‘pJ31] K10\ simureanyg ‘9, aunByq

at «: ot
al > §°6 ¢ 6 §°d > L <3y
§°6>» 6 ¢ 8 £ 2 §°9 <t E
6> S0 ¢V £ $'9 » 8 «V 2
SR> 8 ;i 9 g » §°6 ¢t 1
B> &2 ¢ 8 $°'S > i a
6°6 = P/x @ 1=w MOM Z S3IONUN (S/%)XN
. v (wa) Z
L] v 2 () 2~ Lt 8- 8- al- i- | A

S Sun ke San 2ace s snce man Al e en cunt ali S A s S Al Audh it Auie SRNL i s Sl R hn it SRR EMR SRR AN B ERds she aiul dells s aan od _Ilnl.lﬁ.l.
T
yﬁl -
-2
4
[ <
- n ~
4 (4]
[ ?
1T -
T
1 s
H T 9
+
1.
U WP AN GRS R WS NEFO UEPI SO NERR SN SEE PR SRR PR g X PO U SR U TR S W g L\-'._..lblulu‘
X

€81 "1bv0B% NNd

109




183

RPUN #88491.

Ptotal

LU St A e el S SN B

110

1.0 x/d=9.9

Protal (Pesculs) RANGES 2 ROW

vvvvv

AAAAA
-----

vvvvvv

“W e W™ m =

1.0, x/d=9.9

Streamwise Pressure Field, Compound Angle, 2 Rows, m

Figure 77.




£FP=p/X ‘0'L1=wW ‘smoy 7 ‘3[3uy punodwo) ‘piarj £)opA asimuwreang gz andyy

oy <3 ot
@l » §°6G ¢ 8 8¢ > & <1 »
&8> 6 ¢t @ &> §£°8 €
8> §°0 ¢« ¢ &9 > 8 ¢ 2
£'0>» 0 ¢ 3 8> &°S <t 1
> 8§22 ¢ § $°S 'e
C'pp = P/x @ I=w MONM 2 S3IONGBYN (®/W)x
e _e- - 8- 8- o1~ 21- (A
]
T :
llllllllll ————— e ~ <
~= I . =
- o
[
' -
s
9

—t—-

B WP GSIPUE VU WU WU YN (PR NEIPU NPPYS SN SUrUI RV (U SUNPUR SN SRR S SENP I SN ISR R ™

xn
12°1630684% N

111




> LA I*‘]J JI.I‘- ..l(-ilﬁ- i llqlvlu‘ d'!.t.d\!l1A|.— .1.1’.‘)‘[.11" L J'n‘l‘.-'ﬂ.- d'.ll- L | Y™ YTy v q-

* f /*lll? —_— e — - . R !
/l“‘”’ llf \\l///{\\ l’/“Wll \
-. \ /I‘/l.lll \ //I .\\ ‘ ll||l \ull ll
'll:l\\ \ ./l \\\\l’ n I/. ‘ \\ Il.o \

- ~. ™~ - ——
e - ———_— //yl o ‘. -~ - .
— S —— — - —~ - - T — - —
- - ~— - -— b

— —

‘6L 21n3yg

€PH=p/X ‘0'I=uW ‘smoYy 7 ‘o[3uy punodwo)) ‘pJal] nssalg ISIMWIeS
98 <3 @t

85 > 26 ¢+ & 8€ » 2€ <t »
26 > Oy <t O Q€ » 82 ¢V €
8y > o (V¢ 82 > 2 ¢V 3
vy > B¢ 1 8 v > @2 <¢v |}
@y > 8 < § a2 » 1 8

E opmp/x @B imw MON 2 SIADNNGY (9908ng) B30y

. (wo) 7

|4 2 a L 2d - | g - at- a1~ vi-

—_— T T iy - T
T —— —— e T T e —————e

—— ~ T —_— e L

—— -~

T

4r

T

P SRR PR NP U ST S RS t oo d.s d. 5.3 « boal s .o s a1 0 -rhfrb.H

12303d

12°169084+ NNd

|

-2

(we) A

112




€98=p/X ‘0’L=W ‘smoy Z ‘dq18uy punodwo) ‘pja1j £)10[2A Isimureadn)g

> 6
&6 6
6» &8
$°0 e
8

» &4
€90 = PrXx

e n N~y
v ® v AN

S8

>
G-

>
5"

N o v N

@' lew MON 2 S3IONUN (S/W)XN

XN
6v6Q° 162268%

NOA

(&)

I'E]

& - v Mm@w

rlerlrb‘rb.lrLIlPlertil.?ALl U SR NV JUTEY VSN VU UU WV SIS | }tllTl.Lclelblh\lb\lr‘

*08 am3yy

(w3) A

113




£'98=p/X ‘0'I=wW ‘sm0Y ¢ ‘318uy punodwo) ‘p[ar] ainssaij Isimweanys °'Ig amBijg

96 «: @t
98 » €8 ¢« 8 9¢€ » eE <3 »
26 >» Oy ¢ B 2€ » 82 <! E
oy > #b ¢ 82 » #2 ¢t 2
vy > Q¥ ¢ 9 *2 > @2 <t
@y > 9€E ¢ § a2 » e

£'98=P/X @ lew MOY¥ 2 SIONUN (819389 4) 193039

(wd) 4

- PO SEPUSY WP UHUYIS VIpr U NN NUN I SRV SNy SIS S LlLI.LleF|LI..-LIIF»’L|LILlFIL\IL‘LIh'L‘LI;II|‘

{23034

6r68° 162284 NNY

114




4

l»—H R e I R e e b i U

6'6=Prx sG.H“E \wzcv— rA sv—w=< ﬁ:SOQEOU \—-O_un—&m.ﬂ—mmﬁ— a—-ﬂuuw_—_: IosSimuiedlig ‘T8 U.u’w_n—
§°p ¢! @ §'T)» 2 <« >
&' > ¥ <t @ 22 &1 «v €
» > £°C ¢v ¢ g1 » 1 ¢« 2
6°E>» € «' 9 1 » & ¢« 1}
€E>» 62 ¢t § & LI}
6°8 = Prx B'les NOM 2 S3IDNR (GNIDTID) 2L - i
(®o) 7
9 - [ 2od [ Lo [ 4 ol- E 4 R [ A5
1d d.d r- J-Ilnill et 1 lﬁl‘tl-lllc —v L ¥ .4*“" —l \ s ‘vrld!vdln!‘ .d h 1 ‘qu —HJIJ | 114! .Jvln.l‘ ..l.
r \lU///fr A =
RN P X '
th\l}IlllMV)l// N NN H.N
C\
o < H. <
<o o O - o
. . 153
o t
[ \» ldn n
] T
< L] - H °
- ot AU F
< i
a b v L_s b b a. b a2 _w_ -lb.. 1 el .a.4 v Lo br» - 3 s#f-tk’r-‘rfh&ihl.r
A
L, -1°

61°16206¢ NN

115




——d -1 =4 -o«l.

1
&-+—-§—+—+—4—+—+ —t-t~ |

—

CHH=p/X ‘0'I=W ‘smoYy 7 ‘318uy punodwo) ‘vonnquisiq uepafuy simweasis  ‘gg an3ig

&' <V & 82 2y
&0 2> ¥ <+ B 2> &°1 « §
» > §°€ ¢t ¢ €1 » t «v 2
e'C» € <1 @ 1 » §° ¢t |}
€>» K2 «v S | -2 LI ]
C'ob » PrX @°l=® MOY T GIONG (BNIDIID)*4L ~ 1
. »lou Z
] v e 'lq . - .ldy [ 13 . et~ 1v-|
- U A M Rl L I v e = - - s s -
At LA \lcn:.qu qlsd ﬂ D\ e " /n.v\. JQ\ 1 chl.l“-,_l T T e
¢ . \ r \\1x\ —~ !
— - - v/ - rd
P~ ||||.
y — - ~ —
é/ G —— T -/H\c\, ..\\n.\\l/\
\\\.\/I. \\\fl”.\nu‘\ —J ==Y —==_" .l/\/ .
/T M
- » -
- Q Q
D
Q¢ 0 s
- ]
<0 5 - 2
NIPURY UV AP WP Guy Uryuy SIr R S Ui S U SRy us | d_a-d s b 4 ) o boa A Al . ). r.PIPP‘
« - Q

spL -1
116506 NN

116




£'98=p/X ‘0'L=wW ‘smoy ¢ ‘3|8uy punodwo) ‘uoynqinisig juepaluf asimweanis  pg undiyg
C°'® ¢t @ g£°2>» 2 ¢ »
€°® > b (1 D 2> S°'V v §
> S§°C ¢ ¢ &1 » 1 <« @
'8 > € <« @ 1> € ¢« 1
€ » 6£°2 < 8§ £° 1@
E°00 « P/R Q'1o8 MON Z SIONMM (SNIDTADI®4L - )
(wo) 7
- 'ﬂl ‘lﬁ" ” a'nl." I dll.-,w. 1 4 -: :C.I“.r-.v. cl“l:‘. d -&1‘-. -.N-KUU. i .-\.”o ﬂ * ..—-“'cﬂ.lﬂd-Mn ﬂ ‘.l'ﬂﬂ.nl‘
\ =~ / . < >
ﬂ f‘>\\j rllil\l\ // //\\W/\\/(\/\’\/f ’ T
T S P |
u:‘\\./\l/i”!l}l\l. \.\l,/vv - //\/ /o /.nl/
-~ l)t\/\\// I"l\\\v“\\\//\// /v\l\\r\/‘qtinv\ila\b/{ + 2
+ /l\\nll\/\\//l\l/\\ll\\ et \\//.,./\l\.‘u,\ \'\‘/\7 — J/J 'H.l <
+ [\/\\ N(w\fltl)%«.”\\/'\\ /\V /ﬂ\\ N (] 2
. Q STV L, R
« AV AV — T
R T
Q . D °
M - 18 J o L
1 4 t
1 ® .
+ " n
JPU R TEPUE UV RIS WA RN MRS WP TSR U SUNY S SRR IS PR B [y Y W s. 1 & -‘.P!,—Qr\—. s a4 sV ) .L“
- .
@ o>
) N ¢ ssp -1 @

4
S1°16806% NN

117




0°0=P/Z ‘8'9=P/x ‘§’'L=ul ‘sm0Y T ‘3[8uy punodwo)) ‘g snsiap 0151  °sg 2Ny

0'0=01/Z VIAHIL SA 01S/1S

VIAHL
[V 4 Gt 0o¢c G2 02 G'1 0’1 ¢0o 00
| ] L J q ] 1 o
o
Lo
[\")
Lo
>
o
"9
o
g'9=a/X © » ©
ANTOT .
o
| -
[\+]

MO 2 ATONY ANNOJWOD GT=I

118




0/0=P/Z ‘9" L1=P/X ‘S'[=ul ‘sMm0Y T “3[3uy punodwo)) g sns1ap 01S/1S

0°0=0/7 VIJdHL SA 0OLS/LS

VIAHL
oy m._m o.,n m.w c._m.. n.,— o.m n.m 00
_.l
9LI=0/X O i
ANTOAT

g0 90 ¥0 <20 00

01S/1S

01

c'l

—
F e

MO ¢ HTONV ANNOJNOD S 1=K

‘98 aIn3ig

119




0°0=P/Z ‘g'EE=P/X ‘G'I=wW ‘smoy 7 ‘3[3uy punodwo) ‘g sns1ap oisps ‘18 amByy

0°0=0/Z VLAHL SA 0LS/1S

VLAHL

0¥ St 0€ S 02 ST 0T €0 00
| i i . | | 1 1 o
o

-©

g8'ee=q/X o e
ANADAT o

>
o5

r-
9
-2 O

(@]

5

ﬁm

MO ZATONV ANNOAINOD S T=I

120




0°0=P/Z ‘§'SS=p/x ‘§'L=w ‘sm0Y T ‘3[Suy punodwo) ‘g sns1ap 0i5Mg

0°0=0/Z VIAHL SA 0LS/LS

G'e

I\ 1 L

VLIHL
0z ¢l

0’7

I8

S0 00
)

g'eé=1/X o
ANTIIT

1

T

T

80 90 ¥0 20 00

0lS/1S

)

01

-
c'!

—

MO 2 ATONV ANNOJWNOOC T=I

‘g8 N1y

121




0'0=P/Z ‘L'LL=P/X ‘'S'1=W ‘sm0Y T ‘3[3uy punodwio) ‘g snsSI12A 01SAS 68 nBig

0°0=0/Z VIAHL SA OLS/LS

1 4

VLIHL
¢ 0€¢ ¢e¢ 02 ¢1 01 G0 00
1 1 } -1 1 1 4
[=]
o
- ©
T'L=d/X o e
ANADIT o
-
oA
® 03
.-
co
=
- -
N

MOY 2 TTONV ANNOdWOD G T=I

122




0°0=P/Z *L'86=P/x ‘S’I=wWl ‘sm0Y T ‘3[3uy punodwo)) ‘g sns12A 01S1S ‘06 2nByy

0°0=0/Z VIJdHL SA 0LS/LS

VIAHL
0¥ S¢ 0t ¢ 02 G 01 ¢0 00
1 A 1 1 | 1 i | o
=3
-o
Ig6=0/X_ o S
ANIOAT o
-
o
@0
o3
o
o
L. —
4™

MO 2 ATONV ANNOJIWNOD ST=W

123




aBeraay asimuedg ‘s'r=w ‘smoy z ‘a[Suy punodwo)) ‘p/x snsiap U

ATONV ANNOdNOD MOH ¢

0°66 0°S8 0°S4 0°G9 0°GS 0°GY 0°SE O
] ! 1 ) 1 ] 1

a/x

Gc 0'GT 0°S

1

L]

—

L

=

CT=IN d0d SSUNHALLOM AL

0€0 G620 020 S0 0O1T'0 S0°'0000

‘16 2an3y

SSINJALLDI ALY

124




a8e1day asimuedg ‘g I=w ‘smoy Z ‘2[3uy punodwo)) ‘p/x snsIdA 0IG/IS

MOY ¢ dTONV ONNOdNGOD S 1=

a/X
0'G6 0°G8 0°GL 0°S9 0°'SC O'G¥ 0O°'SE 0'Sc 0O'ST 03
1 S U | ] | | . 1 1 ]

60 80 40 90

OILVY "LS

¥

(V)

T
"1

?/Tlm\mjm/mr

A !

€'t

OLLVY "LS "dANH—-0SI

‘76 3m3rg

125




G I=u ‘smoy Z ‘o18uy punodwo)) ‘k jo uoneep Isimueds ‘g6 andig
P2
. % &N S G_ a'o a'al- 82—
S/H @1 = ALIDON3A 'S 4 At _- e .
G'1 = OIlUa ONIMOTE : P S
31ONY ONNOWOD R —— - 2'0
@€68° 169811 = 3160 m: v ,.[ /\wﬁf\bﬁ.\./.\.f
/
O ooty ot a g e” 16°0
~ =" 7 " v Ty T A-.Ils Tyt T /)
§'EE=p/x T ea ] 19°0
e e e —— - 18°0
| A T 1 - T T T p
Y SO s_ b13
B i e e 1
r--Tr T —e— T STy T YT T YT T ill.J ..A i
1"LL=P/% :{f‘%
]
ThtrT T YT TN A | i..ll.ld - R
K mm psx g?
L —_—h 4 [ [N RPN SN VS y-l.P»Ile
SSIANIANTIDI443 ONTI00D-WIT 4

126




g'1=w ‘smoy 7 ‘3[8uy punodwo) ‘0)g/)s jo uoneuep simueds  ¥6 2in3yy

e/Z

S/W 81 = ALIJ0T3A 'S° 4 @-@c LI °a eei- 2 oumm_
g'l = OIlHY ONIMOTE

MOY¥ 2 319NY (NNOJHOD ls o
2Ev1T16b2S = 3ivd

1 411

i1 4e-i

9 Llaps2 | _ .y

IR AW e gy 015/11S

8 EE=p/A ]

¥ ¥ L3 T L] -4

VAN ol Va N e W

} _.:.".: H/\\\\f\\f}\/«. J )
.$?i[ffzf\\1(\:f\()( :

P.lLIlL"l.Irll,l—‘lL L i L’
OIlda # NOLNBULS DI13D5d3N3-0SI

f T

127




PT1=0 ‘S'I=wW ‘smoy Z ‘318uy punoduio) ‘0)5AS Jo uoneuep asipmueds ‘g 3By

S/W @1 = ALIDON3A °S°d
S'1 = OIldy ININOWE

€2° 1=ti3HL 3T9NUY ONNOJWO)D
Skhi‘li6res = 3100

" ¥ r \}}b’%‘l 4 g

m.:n‘\-i\u’.}‘\)"\ -4 ] .;
vees o ]
| E

| —
o
—
(2]
N
-
o

(s ) [ —— 'y i i R |

SOILldd d3dWNN NOLNYLS

128




6°6=p/X ‘S'I=wWl ‘sm0Y T ‘3[3uy punoduro) ‘p[31 AI0[3A Isimweang °9¢ unSig

@) ¢t @i

a1 » S°6 ¢ 8 §2 > L VU ¥
&8 >» 6 ¢ @ 2 » §'9 ¢V E
€ » §°0 «t ¢ 69> 8 «v 3
§°8>» 8 <t 9 9> £°§ ¢ 1
@ » 8¢ <t § $°5 2 t 8

§'6 = P/% S lew MOM 2 S3IDNUH (S/%)XN

v 2 ] e~ - 8- - al- a1~ rl-

[ 9
J]il—]\a‘l}l] T Y 4|1|o—|Jb\—‘J|<\aq‘1||—w§41lq.j‘1|‘-lj.lilldl4‘ﬂlﬂ'lq| -4
o %\ \ —_— 3
— — S~
—— -+ 1
4+ +4 2
1 1 <
T +s .
] 0
t L, s
T - *
+ +
- + &
T
+ 4- s
1 i
-4 - ¢
+ +
U PO VI SO WY SRR PUNE PRVSIN SO RS SN M S ] FFE\PLI&'}PLI}}&L\..»%L'LIII

xN
Ivy6@° 165068+ NNA

129




6°6=P/X ‘S'I=u ‘sm0Y] T ‘3a[8uy punodwio)) ‘pJa1] anssaig Isimuwrean)g ‘26 InBiy

9S8 <« @i
8 » 2S5 <! @8 9€ » ¢ ' »
26 > OF ¢t @ 2€ » @82 ¢ €
8y > Pb <3 ¢ 82 » o2 <t 3
vy > @9 ¢t 9 »2 > B2 1}
@r > 08E ¢ § [ ta
6°G=P/% S °|=" MON 2 G53IDNUY (®|0083y4) 83034

- v~
L2 mul au g Aas man sume euss ]
~ = 1

>
\Q
N\

PN WU U W S
r—r—t—r—

=t
~N

(w23) A

1]
-

- !

. ~|PL| PO ST VRSO GRS WP WU S SN USRS WIS SN EUSNPOUN W SEN JUY W [V [ WPV W U S W WY 2

1®303g

1v60° 165884 NNY

130




CPP=p/X ‘S’ 1= ‘smoy 7 ‘3j3uy punodwo)) ‘pjd1j L)D0]IA dsImwmiedn)g ‘g anyg

21 «t 9}

81 » §°6 ¢ 6 120 P LA
$'6» 6 ¢ 0 ¢ > 89 v €&
6§ >» S8 ¢V ¢ S°9 >» 8«8 2
€@ >» @ ¢ 9 g8 » 6°S ¢ 1}
@ » §°¢2 ¢ 8§ S'S L |

C°yy = P/% G l=w MOM 2 SIONuM (S/@) R

M (w3) 2

[ ] 9 14 e a e~ | dnd 8-~ 8- ol- 21- [ A

T . T A ARh /s At putaet e S e i s S un Tun A SR AN St SEMEL SRR AL IEMAL L -

]
t <
lﬁl ” -
. :
+ s ] | 2
s s s s s s s
<~ s 8 5 s s 3 s s 6 s
s E 6 s & & s s T
+ . s s £ 8 [ ]
+ s s s 8 a8 s s
JT s s s s s 8 Y rd
T [ s & & 6 & [
.P).lr|bllrl.b||1—|sflb ‘rl..—lod.quLl_r IS IPrf‘.r‘IP.?p. s- L ca b qullebllP.lrih,. f'LI a—d_ a2 s.?L‘.b.-h. -
s 3 s 6 5
Y 3 s s 5 % [ s
s 3 s s s XN s s s s
s » 3 s L 3 s

60° 169084 NNy

131




£HP=P/X ‘S'I=uW ‘sM0Y T ‘3[duy punodwo)) ‘pJal] INSSAIJ ISIMWEINNS ‘66 a3y

85 <! @l
96 » 25 ¢ @ S€ » 26 1 ¥
26 > oy (1 @ 2€ » @2 Q€
o > e¥ <t ¢ 02 » vz v 2
»r > @y <+ 8 »2 > B2 11
e > 9€ ' § a2 » 1@
€ op=P,/% G°l=® MOM 2 SIINHY (9|0088g) 030y
, (wo) 7
. L) » 2 e 2- »- 8- 8- 1N 21— »i-
41‘_.‘.'“ v ._J|._a1zq!.i114!.._..414 L _.-_I.I-Jl...ﬂt. 1.._|1q1.4»1|1q|.
L

Q- qqs> Jda- =

(®23) A

| ] ]
[ WL v 1
Va ’ /v \ iei03d & s
sle 1 4 | Y s ]

60" 163084 NNa

132




£'98=P/X ‘§'I=wl ‘smoY T ‘3[uy punodwo) ‘pja1 1100124 Isimureang ‘ot 2inByy

21 «: @l
8} » 56 ¢ 6 8¢ » ¢ b »
§'6 > B ¢« 8 L) $°9 ¢t €
& > &6 ¢ ¢ 8°9 > 9 <« 2
'8 » 8 ¢ 9 9> §°S§ <t 1
8 » §°¢ ¢ § §°8 L ")

£°9@ = P/Xx g l=W MOM 2 S3ONUYM (S/W)x()

(w3) A

-

1

4 s
1
4
-1 '
1

h T

.blﬁl»li—[lft PR VN VP VD WLV VEDE DUy W SN TR RSN SO U M ISP SR WEPUNY S S WP .P\L!L.llbllbllbLI.Pllr‘

XN
11 166828% NNOY

133




£'98=p/X 'S I=U ‘smoy  ‘3[3uy punodwo)) ‘pj31] aunssal] spmwedn)s 101 am8iy

9% «¢«: @I
96 » 2§ ¢: & 9€E > 2E <t »
26 » 8 ¢ @ 2€ ag <« €
8y > ¥y 1 ¢ 82 » »2 v 2
vy > @b ¢ 9 ¥2 > @82 ¢ 1}
@y » 9E ¢: § a2 > "]

€°9@=P/x G = MOM 2 S3ONHN (5199894d)|®303d

v a!uu 2
a |4 2 (] 9- a- 21— 4 ke vi-
44](.—'44\!1 'S sus S AN fie Shne S S N j.l-.li-.llq'a\.d Sk \q‘lﬂll_\ld i S A ante atle S st Seh St f 11\]4|1|4.\J||JIQ1.J°
r i //NH“HHM“\“ .//f@x\ - f/ﬁ/ﬂﬂf s - [
.4] / /\\\\ / 4 1
{ /\\\ 7 I
+ + 2
- +
L ~<
+4- - €
+ + L]
3
1,3
4,_.| #r
4. 4~ 8
- 1
+ 4 o
| !
1 |
a ﬁ.i NI DU SUUINY SRIPUI P SO SRAPORRY [y RSN SR B R B 0 DO I SEIUNINY NV SUP U MNP UGNY SIS ST S R \lr

1e303d

11168284 NNd

134




o4

f4~+4—{4~++-f+-F*'P*4‘*{.

S

6'6=P/X ‘S'I=wW ‘smoY] 7 ‘3[3uy punodwo) ‘uoninqusiq juepafuj asmuwedng °zor andiy

£°0 v @ 82 >» 2 «t »
8¢ > ¥ v @ 2> €1 <V g
®» > E£°€ <8 ¢ €1 » 1 ¢ 2
6°'C» € ¢t 9 1 > € «t 3§
£)>» €62 ¢t § £° ' 9
8°6 = P/x S°l=w MOM 2 SIONUN (BNIDN3IDISHL - 4
(wo) 7
[ & - 0- al- - i~
- L 1 Y YT ] YT CPTOY o Ty R J
h % T
7
AL T,
- - % “
-
n ~
0
(¢ I
«
U bl S
¢ | o
o « *
1
a3 s 4.3 V_a. B_s 3 . loa ) s b s L oah o aota Vs b o ba bl et a )l o dad i ladadl g

o <« D
AN - AN s31 - 1

4000 ° 16EQGY NN

135




RUN #90591.153

T - Tfsr*

YV YY) Y CyCv ey

i,

+

4
e L o e e e B e e L

LY -
>'\&\l %<S.

MINNAE

b
r :
s 9NN i
/
(S
L w4
: \\s\\\\'\\§ :
- Vi
SR W 8]
VR
A |‘;\\\\ ]
/) o
r 5'/”}(}/—') v 'J.‘:‘
'A,h\; (\/ -
r 'l(/ l) 4'\\/.\\-
1< : |{[’1/§ S
b | H“L\/b :I
L N \ \{l\\\\V' <
< % O J
3\ ~®

136

.3 w/d = 44.3
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Figure 103. Streamwise Injectant Distribution, Compound Angle, 2 rows, m=0.5, x/d=44.3
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8.3 x/d = 44.3
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Figure 123. Streamwise Injectant Distribution, Compound Angle, 1 Row, m=0.5, x/d=44.3




£'98=P/x ‘6'0=X ‘moy | ‘3j8uy punodwo) ‘vonnqmsiq Jueyafuj uwfs.Eau:m ‘T 2y

8y <t ¢ 6> B H
€'y > » ¢ @ 2>r» €1 v 8
> €£°C ¢t 2 €1 » 1 <« @
E°C» € <t 1> 8§ ¢«
€>» g’ ¢t g € 'e

C'80 = P/% SO0 MON § SIINUM (BNIDVIADIE4L -~ |

.

e ] ’ H . u...!: 2 v- .- .- el- - »-
iﬁjﬂ.‘l-«.l_l\o\i.di /Jqdﬁuj.i_ll.ilqlfﬂqu“ﬂ T TLIET ~71-®
TN \l/_ / 9 \/M\v\l\/\/ll/. ~— -/ A. 1,
VN s
1 ,/w» TN T TS L
: . & o DT
== <5 .%n o
w ) F 8
0 1"
] a < H
¢ " [
< ’
< - ] T
o +
f.o..2 T
Y . Bry Li-.lbldlrl-rlr)r bL-LLl.[.PILI.FlN.—“.HVL.‘&P PR RS U SRR SRV SN SRS S

>
© $3L - i A

€222 " 16/06% NN

157




LTT-=PfZ ‘§'9=p/x ‘0'I=w ‘m0Y 1 ‘3[8uy punoduio) ‘g sns1dA 0igS ‘STI ANy

CANOD MOY T HTONV ANNOJNOI O'T=N

VLIHL
0S ¥ 0¥ S¢ 0E S¢ 0¢ 971 07T G000
L 1 i .| ] 1 . |

o

. o

g9=a/x o | _

ANZDAT |2

-9

-

- ©

(o]

- ©

(=]

K

L2 1-=0/7 VIAHL SA 0LS/ILS

01S/LS

158




LT1-=P/Z '9'L1=P/x ‘0'I=W ‘m0Y [ ‘2]3uy punodwio) ‘g sns1ap 0)1SAS 97T NSy

€ANOD MOYU T ATONV ANNOdKOD 0'T=N

VIAdHL
0SS S¥% 0¥ S¢ 0 ¢¢ 02 ST 0T G000
1 [ i L § | L d 1
=)
o
gLI=q/X o
aNgoaT |2
- ©
<
Lo
o =3
o
- ©
o™
o

12 1-=0/7 V1IHL SA 0LS/1S

159




LTT-=P/Z 'g'EE=P/X ‘0’I=W ‘Mm0Y | ‘3]3uy punodwo) ‘g sns1aA 0)51S “sz1 MNBiyg

E£ANOD MOYU T ITONY ANNOJIWOD 0’ T=I

VIdHL
06 S¥ 0¥ G¢ 0t 62 02 ST OT €000
) 1 1 i ) ) L ) o
o
g8'eg=q/X o
aNgoa1  |e
o 3
~ N -
o5
o U)
o -3
o
=)
o™
o

22 1-=0/Z VIAHL SA 0LS/1S




€INOD MOY T dTONV ANNOJNOD 0 1=K

VLIHL
0¢ S¥%¥ 0¥ G¢ 0t G2 0¢ ST 01 G000
1 1 1 1 l A1 i ) L

o

o

§ee=a/X_o |._

QZ.UWA rmd

o

-

.o

o

- <@

o]

o

L2 1—=0/7 VIAHL SA 0LS/LS

;

LTT-=P/Z ‘G'6S=P/x ‘0'I=ul ‘m0Y  ‘3[3uy punodwo) ‘g sns1dp 0iSNS ‘g1 2anBig

01S/LS

161




LTT-=P/Z ‘U'LL=P/X ‘0'l=W ‘M0 [ ‘a{Buy punodwo)) ‘g sns12A 0iSAS  °6T1 31nBy g

EANOD MCYH T A'TONYV ANNOdNOD 0'1=N

VLIHL
06 SF 0% SE 0C S 02 ST 0T S0 00
L 1 1 L l L l 1 L o
o
Te~d/X o

aNdoda1 S

Lo

>

Lo

(=2}

- ©

o]

|~

o

L2 1-=0/7 VIAHL SA 01S/LS

01S/LS

162




LTY-=D/Z ‘L'86=P/x ‘0°'I=w1 ‘M0Y] 1 ‘9[3uy punodwo)) ‘g sns1ap 0151 ‘0¢1 NIy

£ANOD MOY T ATONV ANNOdNWOD O’ T=N

VIIHL
0’ ¥ 0¥ '€ 0C ¢F 0% §T 07T 000
, o
L'86=0/X 0o
ANIDIT -
| o
"3
o)
o —3
=)
o
co
o

L2'1-=0/7 VITHL SA 01S/IS

163




a8esaay asimuedg ‘p'p=w ‘moy 1 ‘3jSuy punoduo) ‘p/x snsidp U ‘L€l a3y

€4ANOD MOYU T ITONY ANNOJWOD 0 T=N

a/x
0°'0010°060080°020090C05C0F00E00200100
1 | | 1 | I 4 1 I

OT=N JdTIIM 0o
ANJDHT

T
S0°0 000

QI'TO OIT‘O
(V13) SSANAAILOFIIT "HAY

!

0c'0

0

d/X SA V14 ASIMNVAS DAV °

164




38e1aay 3simuedg ‘9'1=w ‘moY] 1 ‘3j3uy punodwo) ‘p/x Sns1ap 01S/JIS  “ZEL NSy

€ANOD MOY T I'TONY ANNOdNOD O’ 1=

a/X
0°'0010°06 0°08 0°020°0900G0°0¥00£0'02001T0°0

N i | ] 1 L _1 1 1 o
"
lm V
2
o =
NZ

. ©
-
® =
- © @
© W0
-
L e "a 5T
3
.I.v.l o

OLLVA UN NOINVIS “MANA—OSI

165




0'1=w ‘moy 1 ‘?13uy punodwo) ‘U jo uoneuep Isimueds “gc1 Ny

P/Z
e 202 B 01 0°'0 2'21- 0©°'02-
S/W @1 = ALIJO0T3A °S°J o 3
G* = OIlHY wzuzm._m Ty S 6o
adW) MOY 1 _ .
@260°16¥@8 = 31b0 _ _ " 1@
AL JL R e N U .
1 L] -1 T A -1 i T l_ ¢ &
R e e 2 o ol {15°0
oy T- T -y T T T ._ 8°0
|
[ Antiuatents it BN YT TTTT T
— hhlﬁ\x {Et%}uﬁ |*
T | |

-d

[N UL R RGP JPN RSy BERPES & I.)L

SS3ANIATILDT 443 ONITOOD-WIT S

166




0'I=w ‘moy { ‘3j8uy punodwo)) ‘01g/Jis Jo uonjenep asimuedg per andyyg

RPR/AZ
e 202 2°01 2°0 2°81- ©°02-
S/W @1 = ALIDON3A 'S°4 .
| = OILHY ONIMOTE i v y _ T ' ' <'@
QdW) MOY | le o
@SI1°16508 = 31Hd 5
1 411
1 et
- A 0157415
N
2 Y. S AN g P ] -
1 .
inljﬂmﬁsk.dﬁhfchﬂ\ﬂu’ﬂi J |

OTiHY # NOLNHIS DIL13D43ANI-BST

167




68'1=0 ‘0'I=w ‘m0Y] | ‘3[3uy punodwo)) ‘0)SAS JO uoneue asimuedg ‘gey AnBiy

S/H @1 = ALIDO3A °S°J @’ om Q-0 "

@
-— mo

i = OILb¥ ONIMOE e
BB°T=UlIHL € JNOD MON | gy, } \ t( . 1,
GECI"16¢2¢ = 310 \/\f i.- _
. 1
| Ll L | ™ N _ w—

DGD{ ) ]

T GUGeE J

p/x

| T

e

J
ﬁ.__mu_.\. = /\ H#_
| L._

A i J 1 L .. . X L

SOIlHd d3EWNN NOLMNYLS

168




6'6=p/x ‘0'L=w ‘m0Y [ ‘318uy punodwo) ‘pa1] LI0]PA Isimweanyg -9¢r iy

8y <« @l

8l > &8 ¢t B
$'6)> 8 v @

8 >» §°9 «v ¢

9> @ ¢« 9

> §°¢ ¢S

' = Ps/xX @ lew MOM | SIONHE (S/W)XN

€2 » & ¢ b
¢ » §'9 « €
$'9 » 9 ¢« 2
9> 6°6 ¢t |
§°S LI |

PN WAPUS TN WP SR P SV BOPRED BE e [N TEPUND NUPIPE SEDUGY DU WA W W Sy SRS Sy P 1_a 1

xn
vGS1 " 16108% NNy

(w3) A

169




s
28
|
[ 4 4
ay
6 G=p/sx

v v v v v
NN ® 0 -

PO N | ‘.J
t

| IV . |
T y

| L

1

T

s [ VD WG |

PRUES SN S | W PR |

b
T

9€
2€
@z
ve
a2

v v v v

>

6'6=P/X ‘0'I=W ‘m0Y [ ‘3[3uy punodwo)) ‘p31] InssAlJ ISimiedng

2€
ee
vz
az

(s|w28Ry) {WI0Ig

8 - n Mm@

Ie30id

PS1°16108% NMA

"L€1 andyy
ri-

1‘

lﬁl —

gr

+ @

1

3

—— n -
3
4+ v ~
gr

—— m

4

L

P s

T ¢

PUBY S SV URP M W | bLLLLLr‘

170




£ Pb=p/Xx ‘0'1=w ‘moY | ‘3j8uy punodwo)) ‘pjai] ANO0[IA simiueang ‘gel An3ig

81 <t @t
® > £°'8B <t 8 82 > ¢ v ¥
&6 > 8 < O > 9°9 ¢ €
8> 8§08 (¢ ¢ £9 > 9§ v 2
s8> 0 <8 8> §£°S ¢t 1
8> §¢ ¢ 8§ 86 ‘e

C'op = P/x @ lu® MOW | SIONGN (S/W)XQ

9 . ’ ] ® 2- »- .- .- e1- 21- yi-
e o i ot Tl et e B S S b o 2 Bl St T e s At b aun Sul e SR RN SR RN I S %i

1
L 4
(W) A

4
LIH'\Pir.rl— ST URUUES WA UI WEPU W B NI VRGP S B SEVARE SRy USS SR S a—h a3 _a M s b b s}

“n
glll ilecias NN

171




£PP=p/X ‘0'1=wW ‘moY | ‘3[8uy punodwo) ‘pja1 INssal] Isimweas}s ‘6£1 1N

s <t o1

88 » 2§ «t @ 8€ » 2€ <t »
28 > O¥ ' B 2E » @2 <t &
9 > wp <8¢ 82 » v2 ¢V 2
vy > @ < 9 v » @2 <« |

8% > 9¢ ' § ez » L
Cop=P/n @' I=8 MON | S3IDNHY (9|9008y) 18303y

s v 2 ) - v- 8- .- o1- 2i- vi-
i e S B e o o e S Bautt mu anls han s SR T B o T e Su et e ey B D S A Sun e B AR BN 1,1.1.1%!.

(®3) A

T S RPN UHPUN U SN UV WP GO (U PR S SPUINY GG NPV SESPO ST S TRy S I S

te3old

gll1°16218¢ NOY

172




£'98=p/x ‘0'I=w ‘m0Y | ‘3|3uy punodwo) ‘pjaLs K)0J3A simwieanyg  “0pL NSy

o1 <! @1
ot » £°6 ¢<' 8 §°2 » & <« »
€' > 8 ¢t 8 4> £°9 ¢« €
8> '8 ¢« ¢ &'9 > 9 v 2
€8> 8 <« 3 8$>» &°8 <« 1
8> R°¢L < S £$°6 (I}

€°80= G/X G I=0 NOM | SIONU (8/W)XN

(®s) A

xnN
GSv1 160284 NNY

173




1455

RUN #82891.

Ptotal

4

L3

I
i

Yoo YTY YT YT Y

L2 piall ont o

L2 I

-

174

x/d=06.3

Ptotel! (Pascals) RANGES | ROW m=1.0

vvvvv

AAAAAAA

vvvvv

1.0, x/d=86.3

Streamwise Pressure Field, Compound Angle, 1 Row, m

Figure 141.




6°6=P/X ‘0'I=W ‘m0Y | ‘3[3uy punodwio)) ‘uoynquisiq jueafu] asimweansg °zpg Andiy

£y <4 8 £'2> 2 O

E°v > ¥ <V B 2>» S°V ' €

»» £°€ < ¢ £°1 > 1 <V 2

€' > € P 1 » 8 <V}

€r» 62 ¢ 6 L . t e
§°'8 » P/ @°1=8 MOY | SIDNUMN (BNIDI3D)%41 — L

4
+—{

-+ o
L ol I- ov

+
NS URUPIUIS TRRFY WISPUIY IS BHI Uy SRS S boad o b a4 & d_ados S o4 dos

o 0 "
s:f - 1

[

~QL 1.4 ) a L hllh-.uu s lr.l.

i,
4
+-
+

21o2° 160€8¢ NN

(®3; A

175




J.ul—-||1|- B JAE T e Wl y...ﬁ'..q‘(vqu-. .- “.o..lfNVt.llﬂldcl—lJJ-“l ﬂJNd.-nHiu
\ Vol | /
- AN NG
A SN \ / VNS
R e — e NN\ //Iul\\. NN N\
Lo ~= 7/ \ / O
+ IJIIlIAH\ ~ \\|\|l\\,M%\WI|\)/ ///llxl
!ql \.r‘r‘\\ MW)J..I\/\.\/ Q vll.l
% -
¢
+
<
\_ <&
<
.M- - <
. ..rIP!—@ 2 L. rb....’ o ! ..|—.-4L| (O S pl}f.b;)r,—ln-lrlbvbu . L Fl-‘r-llsl‘—.lrnu b
L] .
o«
. A S#l - 1

€VP=p/X ‘0'1=W ‘M0Y] 1 ‘¥(8uy punodwo) ‘uoynquisiq JuePluj asimwedryg °cpl 3Ny

£’y <1 & &2 >» 2« »
£°p > v et @8 2> 6°1 ¢« ¢
> &6 ¢v ¢ $°1 >» 1 «t @
£°'e>» € ¢t 9 1> € 1
§)>» &2 ¢t § [ . LA

E'PF = F/n P l=8 NON | BINN (BNIDNADI®4L - L

SEG@ " 16vA64 N

R R R R B S Y
~ v

—lb‘r»‘

(®9) A

176




ot TS sy N T
vl /\\ [
- - -1
| 1/// -

§\

|

1

£'98=p/x ‘0'[=u ‘moY [ ‘3j3uy punodwo) ‘uoynquysiQ uePafu] smweans  pyi 2ndyg

g% < & €2 > 2 ¢t ¥
$'F > b O 2> SV <« E
2 §€C V¢ sl ¢+ 2
&°'E» € < 8 Ly & <v 1
€ >» &2 ¢t § - LI

£°90 = P/x @ l=w NOM I S3IONGY (SNIDI3ID)ssl - U4

(w3) 2
] - 81— a1- »l-

(wo) A

-+
-

-3

LlrlPl.Pll—'r I SEEVED SUNY YN W SN PRy Lllh.l.rL.vnFL,.lEL,PL!L(IPL‘LIL—’F]rPLoblhIIrr[I

o . 0

< s3L - 4 o

€EBI " 16406% N

177




LTT-=P/Z ‘§'9=p/X ‘§'I=u ‘m0Yy 1 ‘3[8uy punodwo) ‘g snsiap 015AS ‘sp1 andiy

€ANOD MOY T ATONY ANNOdHWOD G T=N

VIAHL
0SG S¥ Q% S¢€ 0¢ S2 02 ST 0T S0Q0
1 y 1 1 _} 1 . 3 _} o
o
39=0/X a o
ANIOAT o
o
NN
B —
o
P
o
o
L ©
[o-]
| —
(@]

LS 1-=0/7 VIAHL SA 0LS/1S

178




LT1-=P/Z ‘9'LI=P/x ‘S'T=Wl ‘m0Y [ ‘3[3uy punodwo) ‘g snsIdA 0iSAS '9vL 1n3id

£JANOD MOY T A'TONY ANNOdINOD S'T=H

VLIHL
0S¢ S'F 0% St 0C §2 02 ST 07T G000
L 1 1 l 1 1 . I L

9LI=(0/X o
ANIDHT

T

20 00

80 9‘10 7'70
01S/LS

01

L2 T-=0/7 VIIHL SA 0LS/LS

179




LTT-=P(Z ‘§'EE=P/X ‘§'T=W ‘m0Y [ ‘3[Suy punodwo) ‘g sNsIaA 0ig/1S LI undig

CANOD MOY T HTONV ANNOdNO0J S'T=N

VLIHL
0¢ ¥ O% St 0t 62 g2 ST 07T ¢000
} ] { 1 | 1 1 { _{

o

. (=]

g'ec=d/X o o

ANADAT "o

o

3

- ©

D

- ©

(@]

o

L2 1—=0/7 VIAHL SA 0LS/LS

01S/1S

180




LTI-=P[Z ‘§'§S=P/X ‘§'I=wl ‘m0Y] [ ‘3[duy punodwio) ‘g sns1dA 0iSAS 'Syl InB1g

€4ANOD MOY T UTONY ANNOANWOD S T=N

VILdHL
06 S¥ OF G 0¢€ S22 02 ST 0T G000
1 ...— 1 1 1 ] | { | o
o
goe=a/X_a | .
dNZDAT |
=
-9
o0y
o 3
()
o
s >
/rlm

22 1-=0/7 VIAHL SA 0LS/LS

181




LTV-=P/Z ‘V'LL=P/X ‘SI=W ‘m0Y | ‘3]8uy punodwo)) ‘g snsiap 0)5AS  “6p1 3Ny

€JANOD MOV T ATONV ANNOJWOD S I=

VLIHL
0S S¥ 0%V G€ 0E ST 02 ST 07 S0 00
i A I 1 )| I |

d e

00

TL~0/X o
ANIDIT

]

c0

¥

9°0
01S/1S

T
8o

01

22 1-=0/7 VIAUL SA 0LS/LS

182




LTI-=P[2 ‘L'86=P/X ‘SI=W ‘M0Y] | ‘3j8uy punodwo)) ‘g SN 0)5AS  °0ST 2nTrg

€INO0D MOY T ATONV ANNOdWOD S T=N

VLIHL
0'S S¥ 0¥ S€ 0E Seg 02 ST 07 <000
1 | - 1 1 A 1 1 i A

00

L86=d/X a
aN30d1

—
co

T

¥0

90
01S/1S

80

01

)2 1—=(1/7 VLAHL SA 01S/1S

183




3desaay asimuedg ‘g’ =w ‘moy [ ‘3j3uy punodwo) ‘p/x snsidop U g5y aanSyy

MOY T A'TONY ANNOdNOD S I=N

a/x
0°0010060°08 000090060070 0EC0020010C0
1 1 ¥l 1 1 1 | 1 {

S0°0 000

T

_
010
(V1d) SSANAALLDTAIT HAV

-
S1'0

£ ANOJ d'IDIM o
ANIOET

T

0c'0

0

d/X SA V14 DAV ASIMNVAS °

184




desday asimuedg ‘g r=w ‘moY [ ‘3j8uy punodwo)) ‘p/x sNSIdA OIS/HIS “TSL nBiy

MOY T A'TONY ANNOdNOD G T=N

a/x
0°'00710°060°080G°0200900500¥00E00200100
1 } 1 1 4 1 | | I o
CNY)
0
rw =
Z
—d
.o ==
37
o m
r-. V
® <«
|- © nJ
©
-
=%
\\@\\\\m\m/m 3
Sl =)
3 — &% -

OILLVY "dN NOLNVLS .mmZm...oW

185




g'I=w ‘moy | ‘3j3uy punodwo) ‘U jo uoyenep asimuedg ¢y unSig

P2z
S/W @1 = ALID0T3A *S° 4 b’z @0l 00 0'el- @'ec
G°1 = OIilby ONIMOTE 89 =p
dW) MOY |
. - " : ? 120
8rpl 16922 = 3140 T L1-pix
1v'0
0 _ §~
8'EE=p/* ) 1 1390
. -1 -4 m.&
gi3

y - i . A i 1 —i

SSIANIAILD3 443 DONITIO0D-W 114

186




G'I=w ‘moy 1 ‘a[8uy punodwo)) ‘0)g/J1S jo uoneuep asimuedg “psI undryg

P/Z
S/W @1 = ALIJ0T3A °S” 4 b'ez @'l @@ eoel- @6cy
Gl = OILbd HNIMOE
QdWd MOY 1| . R ;
Skb1°1692¢ = 31bd T 7 ' U 1 16°0
S &.w Ht\n . a ~ . —
r T 3 T T —
§°L1=p/x 1 1 €y
r T oot %ﬁpﬂn}‘ 4 7 461
2 cE=p/x ..OHM\W.—.W
7 s
I T w ﬂﬁﬂl‘\ﬂ n M— M M ﬂ u\. “ N ﬁ.‘ . L
. : i
LU 1 i
I .
A AL

b -

L i 4 1. ) - |

OIldd # ZOPZ.El_.m J3I139843N3-0S1

187




G'1=0 ‘S'I=w ‘moy | ‘3{8uy punodwo)) ‘0}SAS JO UOKELIEA asimuedg °gg anBij

Pz
S/W 81 = ALID0T3A °S”J '@z @@l a'a  @'al- 0-9z-.
G'1 = OILbY ONIMOTE ' ' ' v v N
62°I=di3HL € 4NOD MOY 1 ] . v — N 12°'0
B¥21°1652¢ = 3iud . A R SLTR Y _
. 8'9 =p/x 4 1i6°0
T \\AQAU.AWML”_ * 111
9 L1=psx .* ..~ 1€°1
- T 1%&% y < S8°1
FEP « ] 015715
TSGR -— “_

—t L L

N.amu‘\x %\‘

-

|
M_.

—.Il..'lbll.lL i W 1 J [ i

SOIldd d3dWNN NOLNYLS

188




suoneandiyuo) 3j3uy ajduig pue punodwo)
103 ‘p/x uodn juspuada se ssaUIANDJJF dHEQEIPY MOY OM] JO uosuedwo) °ggf 3andiy

p/x
001 08 09 ov 0T 0

000

po'€=s 3due punodwod ¢ Fyuod

PO’ c=s 9|fum ajduns 7 ‘Fyuoo
P6 c=s afdus punodusod | -$1juoo

oro

irir
/

(uosyonf) ¢ 1=w £ TYUOD e g Ny 1
(vosyoel) 0 (=W € TYUO g

€3)?

(uosyoef) ¢ o=w £TYU g 4]
(uosyef) ¢ [=ws THYUOO el
(uosxoef) o' [=w TTYUO g

(uosynl) ¢'=wi TIYU®D e N,
(Of13UW) ¢ =W | TYUD P
(o1atnd) (' [=w I'3YUO o

0¢0

¢

(doysiq) §'0=W 1YY O
SMO4 OM]} P/X SA SSIUIALIIYI

189




suonjem8yuo)) 3Juy
ajdunig pue punodwo)) 105 p/x uodp) juapuada se 0)5/J)S Moy om] jo uosuedwo) g1 undiy

a/x

001 08 09 ov 0z 0
00
0
po'c=s ofum punodwod ¢ ‘8yuod vo
pO'C=s Tus sjduns 7 ‘Tyuod
P6-g=s o{Bus punodwoo | ‘Fyyuod v0 4
=
(uosgosf) ¢ W E YU  ——cfoem 80 Mc
(uosyoef) @' =W £'BYUOO el
(uosyoef) CO=W CTYU0O
(uonpoel) ¢ 1=w TIYUO el ot
(uonyel) G0’ (=W TTYUD el (= s— oI s =
(uosyoef) ¢0ws TTYUO e x4
(opaum) &' 1=ws ['TYuoo i T
(of1at0) ¢ 1= [ YWD B . =
(doysiq) 5 o=us ' Fyu —o0— vl

SMOJ OM]} P/X SA QIS/IS

190




(318uy punodwo)y) ¢ uoljesndyyuo) pue ‘(313
I I [Buy 3jdwiig) 7 uorjeing
10 p/x uodn juapuadaq se SS3UAANDRYJT dljeqelpy MOY Om] vue mcwm:umﬁmw ‘8S1 uangi

P/x
001 08 09 ov 0T 0
000
olo
Ol
}]
. B ’OL../ [ad
Po'c=s s{fus punodwoo ¢ “Fyuco 3 -
P ———] —{— »
Poc=s Fus aiduns 7 ‘Syuo> o >
-/

(uosyoef) ¢ 1wl gIYUO g
(uosyoel) 0’ {=w ¢ YUO g
(uosyoef) Co=w g BYuod g
(uosyoel) ¢ =W TIYUoO

0co

T |
/ 0ro
No
X
»

(uosyoef) 0 |=wt TEYU® Qe
(uosyoe) Co=w TIYuo O

SMO0J OMm) P/X SA SSaUIALNIYJI

191




(318uy punodwo)) ¢ uoyem3iyuo) pue ‘(3 Buy
aidung) z uonem3yuo)) 10j p/x uodn Juapudda( se 0)G/JIS Moy om | jo suosuedwo) ‘ST uNJiy

192

p/x
001 08 09 oy 114 0
00
z0
1 4]
pO-g=s Sus punodwoo ¢ -Fijuod %0 .
Po'€=s 33um oyduns g -Fyyuoo 23
L]
g0 S
(uosyosf) "= EIYUd  —ppe
(uosyosl) o' j=w gTyuod . @— ol
(uosyosl) g'0=w €IYUd —@—v | Do —O —O
(uosyasl) G’ [=wW THJUOD P mem———— 1
(uosyoe() ' 1=w TIYuod  — Qe B oo SR P
a2
(uomysl) g'0=w TBYu0d O vl

MO 0M) P/X SA (IS/§IS




(313uy punodwo)) ¢ uonenyuo) pue ‘(3Buy punodwo)) 1 uonenSiyuo)
10§ p/x uodn juapuadaq se ssaudandy)g dHeqeipy Moy om] jo suosuedwo) ‘091 2anSig

P/x

001 08 09 ov 0z 0
000
O
/
O 010
/
r’ /ol/ i3
‘Il/ [ »
po'g=3 3|fue punodwoo ¢ "Tyuoo f” M

P6E=s a(fus punodwoo | “Byyuod Wa#ﬂ/]” N\ Dy—1- 020

(uosyoel) ¢ (=W £IYUOO e
(uosyoel) 0’ |=ws £FYUOd g
(vosyef) Co=w ¢ 0> @
(olPUD) ¢ [=W ' TYUOd
(opPW) ¢ [=w ['3uod  — g
(doysw) SO=W ['FYUOd O

0to

“d

SMOJd OM) P/X SA SSIUIAIIIYYI

193




(318uy punodwo))) ¢ uoreindyuo) pue ‘(3[Fuy punodwo))
1 uoyemn8yyuo) 1oy p/x uodn judpuadag se 0igMIS moy om] jo suospedwio) “f9f NS

X
001 08 09 P/ oy 0z 0
00
(4
141
po'g=s afus punodusoo ¢ *Syuocd 90
p6 £=s 2Sue punodwios | ‘Fyuod m.u
$0 3
(uompel) ¢ [=w g TYUO
(uonyoel) 0'|=w gIYuoo —g— ol
P A S— -0
| (uomyas() go=w Byu00 g | B—1—7 - —
W (ofautd) ¢ [*w [FYUO e rll : L 71
(oud) 0’ [=w ['FYUO e
(Goysiq) 50w |'TYU® O vi

SMOJ OM) pP/X SA QIS/JIS

194




suonjeandiyuo)) 3j3uy 3jdunig pue punodwo))
10j p/x uodn judpuadag se ssaUIANPAYJF dHeqeipy moy uQ jo uosuedwo) -z9r andig

P/x
00t 08 09 oy 114 0
000

195

g
//
r .”
B o S N
Pg'L=s afdus punodusiod | ‘Byuoo lﬁlfylyf A

PO'9=¢ ajus punodwoo ¢ ‘S1juco _!I.
po-9=s ajfur ayduns 7 ‘Fyuos [F==]

oro

839

(313m) ¢ =l £ TYUOD g
(3Tm) g 1=w ¢ FYU0d? g

I
N
\
(318m) gO=ws € TYUOD e
(o(1pun) ¢ 1=W TIYUOO e
\

(O1PuR) 0 =W 7300 e
(0puw) CO=W T IJU0> e
(1eyonw) ¢ =W ['IU0d e
(doysq) 0’ 1=w |'3Yuod g
(doysiq) ¢0=W ['FYU0O O

- 020

P/X SA SSIUIAINIIYJD MOJ dUO




suonje3yuo) 3[Buy
ajdunig pue punodwo) 10j p/x uodn Juapuada( se 0)g/JiS Moy duQ jo uosuedwo) °g9f N1y

Prx
001 o8 09 ov ot 0
00
4]
PO'9=$ 3j3ue punodwod ¢ ‘Fyuod ro
po'9=3 3j3un ajduns 7 -Syyuo>
pg'L=s ?|8us punodwioo | ‘Fijuco
90
(doysiq) @' [=ws 1'9Ju0d e ]
(fim) ¢ [=w ¢ Iyyuod + 2
(A¥m) 0 1=w CIYuod P &
(9m) C0=w £TYU0d g ¥0
(ORUD) C'1=W TS e
(ofjpuw) 0’ 1=w 7' juod — i ol
(O]pUP) Co=W T'IYUod e m— = ; _
(Moyrw) € l=w [0 e !
(doysq) go=w | 900 o [ :
r

P/X SA 0)S/JIS M0J U0

196




(33uy punodwo)) ¢ uonjeindyuo) pue ‘(3[uy 3jduwig) z uoneindyuo)
10j p/x uodn juspuadag se SSAUIAIDJJT dljeqeipy Moy duQ jo suosupedwo) “F91 undig

p/x
001 08 09 ov 0z 0

d

‘ﬁ[

PO'9=3 3{us punodwioo ¢ ‘Sijuco oo

P0'9=s 9fuw 3duns 7 ‘Sijuod

(38im) ¢ =W U e
(3m) 0'1=w g IJued g
(¥m) Co=w gIguod> —@—
(oqpuw) ¢ 1wz uod g
(opuw) o'1=w 73uod —p—
(opuw) go=w 7Iuod  —o—

- 020

MOJ JUO P/X SA SSIUIAINIAYYD

197




(318uy punodwo)) ¢ uonem8yuo) pue ‘(AJuy
ajduiis) z voyem8yuo)) 10§ p/x uodn yuapuada( se 0ig/jis Moy auQ Jo suosuedwo) °g91 N4

P/x
001 08 09 ov 0t 0
00
- o
Yo
po'9=s 38us punodwiod ¢ “Juod “
g -
PO'9=s 3(3ux oduns 7 “jucd 90 o
-]
(i) ¢1=w ¢Tyud g 50
(31%1m) 0’ |=W £ TYUOO e
(31%1m) SO CTYUD e
(of1aud) ¢ [= TIYUOO et [T - — 01
0— —O—
(o)1atm9) 0’ [ =W Z3YUD e P Som—
(ofaw2) Co= TAYUR e Tt

M0 | P/X SA QIS/NS

198




(18uy punodwo)) ¢ uoneinBiyuo) pue ‘@[Suy punodwo)) | uoneinfijuo)
103 p/x uodn judpuadag se ssauaARdAY dleqeipy moy uQ Jo suosuedwo) °991 aunBiy

Po-9=s 3|fus pumodwoo ¢ ‘Fjuoo
pg'L=s 33us punodwoo | -Syuod

(¥m) g'1=w ¢ Byuoo  —p—
() (=W ¢ ‘FYuoo  —g—o
(o18m) go=w ¢ FYuoo  —@—
(1Pymw) ¢ 1= {TYU0O
(doysiq) 0" 1= | FYU® Qe
(doysq) g'0=w § Syuoo  —o0—

001 08 09

P/x
oy 0t

oo

i
A

39

‘4,

- 000

MO0J U0 Pp/X

SA SSUIAINIIY)9

199




(3[8uy punodwo)) ¢ uoyeindyuo) pue ‘(3j8uy punodwo)))
I uoyem3yuo) 10 p/x uodn wapuadaq se g/ Moy auQ jo suosuedwo) -L9f aunSig

p/x
001 08 09 ov (1}4 0
00
20
Po-9=s 3jSus punodwoo ¢ ‘Rijuca vo
pg’L=¢ ?ifus punodwod | "Fyyuoo
90 .,
(3431m) §1=W g YU e S
(]
(dm) g 1=w U0 e 0 e
(Gi¥m) go=w gYuo  —p—
(Iyw) ¢ (=w [ TYuoo —p— .
u.ll.. (181
(doysq) 0'(=w | Tyuoo —g— [BO=
(douniq) Gomw 1 Tyu0  —o— | Mg -

MO1 U0 P/X SA O}S/JIS

200




APPENDIX B: UNCERTAINTY ANALYSIS

An uncertainty analysis by Schwartz [Ref. 8] was accomplished on the input
parameters and variablles used for this study. A 95% confidence interval was

utilized. Table I contains a summary of the parameters and their uncertainties:

TABLE 1. EXPERIMENTAL UNCERTAINTIES
FOR MEASURED QUANTITIES

Typical Experimental
Quantity (units) Nominal Value Uncertainty
T, (°C) 18.0 0.13
T, °C) 40.0 0.21
P, mbiew (m Hg) 760 0.71
p.. (kg/m?) 1.23 0.009
U. (m/s) 10.0 0.06
C, [J/(kg K) 1006 1
quA (W) 270 10.5
h [W/(m? K)] 24.2 1.03
St 0.00196 0.000086
St/Sto 1.05 0.058
A (m?) 0.558 0.0065
m 0.98 0.05
x/d 54.6 0.36
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APPENDIX C: DATA ACQUISITION, PROCESSING
AND PLOTTING PROGRAMS
1. Mean Velocity Survey Software:

FIVEHOLE1: This program acquires pressure data from each of the five
transducers associated with the probe. The FIVEHOLE1 program controls the
MITAS motor controller which, in turn, controls the automatic traversing device
on which the five hole probe is mounted. An 800 point pressure survey is
conducted in the Y-Z plane normal to the freestream flow. Two data files, FIVx
and FIVPx, are created. The FIVx data file consists of mean velocity, center port
pressure, average pressure of the four peripheral ports, and the yaw and pitch
coefficients for each of the 800 locations sampled. The FIVx data file consists of
the pressures P1 through P5 sensed by each of the five pressure probe sensing
ports, the average pressure of the four peripheral ports and the mean velocity, for
each of the 800 survey locations.

PADJUST: This program accesses the FIVPx data file created by FIVEHOLE1
and adjusts the pressures to account for spatial resolution problems. Pressure
correction is performed using a curve fit to move the measurement location to the

center sensing port location. The output file of PADJUST is FIVXA.
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VELOCITY: This program accesses FIVxA, the data file created by PADJUST,
and computes Ux, Uy and Uz velocity components. The output file of VELOCITY
is Vx.

UX3: This program accesses Vx, the data file created by VELOCITY, and
plots streamwise velocity (Ux) contours of the Y-Z plane surveyed by the five
hole pressure probe.

PTOT3: This program accesses Vx, data file created by VELOCITY, and plots

total pressure contours of the surveyed Y-Z plane.

2. Mean Temperature Survey Software:

ROVERI: This program acquires flow temperature data from the "roving"
thermocouple mounted on the automatic traversing device. The traversing device
is controlled by the MITAS controller which is, in turn, controlled by this
program. The output data file consists of differential temperatures (T,,,,, - T.) for
each for the 800 survey locations in the Y-Z plane. The output file for ROVER1
is TEMx.

PLTMP3: This program uses the differential temperature file TEMXx, created
by ROVERI and plots differential temperature contours of the surveyed Y-Z

plane.
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3. Heat Transfer Measurement Software (No Film Cooling):

STANTONS: This program acquires multiple channel thermocouple data for
heat transfer measurements with no film cooling. It creates two output data files,
TDATA and IDATA. The TDATA file consists of 126 test plate thermocouple
temperatures. The IDATA file run number, test plate voltage and current, ambient
pressure, pressure differential, ambient temperature, freestream velocity, air
density and freestream temperature.

STANTON4: STANTON4 accesses TDATA and IDATA files created by
STANTON3 and calculates heat transfer coefficients and Stanton numbers for each
of the 126 thermocouple locations. This program also calculates the average
Reynolds number for each thermocouple row. STANTON4 creates three output
files. These files are HDATA, SDATA, and STAV. The HDATA file consists for
the local heat transfer coefficient, the Stanton number and the X and Z
coordinates for each of the 126 test plate thermocouples. The SDATA file contains
only the Stanton number values calculated for each thermocouple location. STAV
contains the X location and the average Reynolds and Stanton numbers for each

of the six thermocouple rows.

4. Heat Transfer Measurement Software (with Film Cooling):
SETCONDV2: This program is used to set conditions for heat transfer data
acquisition when film cooling is employed. SETCONDV2 determines injection

velocity, Reynolds number, blowing ration (m) and non-dimensional temperature
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(8). It requires user input from the terminal of freestream conditions, rotameter
percent flow and injection plenum differential pressure.

STANFC1B: This program is used when film cooling is employed to acquire
multiple channel thermocouple data for heat transfer measurements. STANFC1B
creates three data files: a temperature data file (Tx), a terminal input data file
(Cx), and a film cooling data file (CFCx). The temperature data file consists for
the 126 test plate thermocouple temperatures. The terminal input data file records
the identical information contained in the IDATA file of STANTONS3, as discussed
earlier. The film cooling data file contains the injection rotameter percent flow and
the injection plenum differential pressure.

STANFC2A: This program accesses the temperature, terminal input and film
cooling data files created by STANFC1B. The program calculates Stanton number
values for the 126 thermocouple locations and creates a single output file (FCx)
containing these values.

EFFFC2B: This program is a modification of STANFC2A. This program
accesses the temperature, terminal input and film cooling data files created by
STANFC1B. In addition, it accesses an output file created by STANFC2A, (FCx),
and directly calculates adiabatic effectiveness without power being applied to the
test bed.

STANRI: This program reads three Stanton number data files and creates
a single output file containing two Stanton number ratios for each of the 126

thermocouple locations. The required input data files are: SDATA file created by
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STANTON4 containing baseline Stanton numbers for no film cooling and two FCx
data files created by STANFC2A containing Stanton numbers with film cooling.
The output file of STANR1 is STRx.

FLMEFFV2: This program processes Stanton number data and calculates the
local and spanwise averaged film cooling effectiveness and iso-energetic Stanton
number ratios. The program reads several files and creates two output files. The
program reads the SDATA file created by STANTON4 which contains the
baseline Stanton numbers for no film cooling, and up to six FCx, Tx and Cx files
created by STANFC2A, and STANFC2B. One of the two output data files contains
the local effectiveriess and iso-energetic Stanton number ratios and the other
output file contains the spanwise averaged effectiveness and iso-energetic Stanton
number ratios.

3DSTGETA: This program accesses the files created by FLMEFFV2 and plots
the spanwise variation of effectiveness in three-dimensional form.

3DSTGSTRIS: This program accesses the files created by FLMEFFV2 and
plots the spanwise variation of the iso-energetic Stanton number ratio in three-
dimensional form.

3DSTRST: This program accesses STRx, the Stanton number ratio file created
by STANRI, and plots the spanwise variations of the Stanton number ratios in

three-dimensional form.
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1. HEAT TRANSFER DATA

A. BASELINES

APPENDIX D: DATA FILE DIRECTORY

Generating Programs: STANTON3/STANTON4
TBNA-DATE - Temperature data file
IBNA-DATE - User terminal input data file
HBNA-DATE - Heat transfer coefficient data file
SBNA-DATE - Local Stanton number data file

DATA RUN #

31491.1345

31691.1333

51491.1233

51491.1649

DATA FILE

TB6A391
IB6A391
HB6A391
SB6A391

TB4A391
IB4A391
HB4A391
SB4A391

TB65591
IB6A591
HB6A591
SB6A591

TB4A591
IB4A591
HB4A591
SB4A591

207

EXPERIMENTAL

CONDITIONS

Simple Angle T;-T;=20.08 °C, no
film-cooling

Simple angle T,-T=9.66 °C no
film-cooling

Compound Angle T -T=20.83 °C,
no film-cooling

Compound Angle T,-T=9.66 °C,
no film-cooling




B. STANFC1B/STANFC2A
DATA FILES - (film-~cooling)
pTxx - Temperature data file

pCxx - User terminal input data file

pCFCxx - Film-cooling parameters data file
pFCxx - Local Stanton number data file

DATA RUN #

32891.1520

32991.1431

32991.2107

40291.0845

40891.1040

40891.1314

SIMPLE ANGLE, 2 ROWS

DATA FILE

2T1
2C1
2CFC
2FC1

2T4
2C4
2CFC4
2FC4

2T5
2C5
2CFC5
2FC5

2T6
2Cé6
2CFCé
2FCé6

279
2C9
2CFC9
2FC9

2T10
2C10
2CFC10
2FC10
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EXPERIMENTAL

CONDITIONS

Simple angle, 2
112

Simple angle, 2
6=0.58

Simple angle, 2
6=2.53

Simple angle, 2
6=0.21

Simple angle, 2
6=1.66

Simple angle, 2
0=2.78

TOwWsS,

TOws,

TOWS,

TOWS,

TOWsS,

rows,

m=1.05,

m=1.05,

m=1.05,

m=1.05,

m=1.05,

m=1.05,




41391.1405

41491.1042

41491.2210

41491.2255

41591.0837

41591.1032

41891.1018

41891.1137

2T12
2C12
2CFC12
2FC12

2T13
2C13
2CFC13
2FC13

2T14
2C14
2CFC14
2FC14

2T15
2C15
2CFC15
2FC15

2T16
2C16
2CFC16
2FC16

2T17
2C17
2CFC17
2FC17

2T18
2C18
2CFC18
2FC18

2T19
2C19
2CFC19
2FC19
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Simple
6=.03

Simple
0=0.77

Simple
6=1.11

Simple
6=1.60

Simple
0=241

Simple
0=2.95

Simple
0=0.42

Simple
6=0.89

angle,

angle,

angle,

angle,

angle,

angle,

angle,

2

2

rows, m=0.5,

rows, m=0.5,

rows, m=0.5,

rows, m-0.5,

rows, m=0.5,

rows, m=0.5,

rows, m=1.5,

rows, m=1.0,




41991.1609 2T20 Simple angle, 2 rows, m=15,

2C20 0=1.15
2CFC20
2FC20
41991.1352 2122 Simple angle, 2 rows, m=L1J5,
2C22 0=2.57
2CFC22
2FC22
41991.1455 2T23 Simple angle, 2 rows, m=15,
2C23 6=2.31
2CFC23
2FC23
42391.1515 2T24 Simple angle, 2 rows, m=1.5,
2C24 6=1.34
2CFC24
2FC24

COMPOUND ANGLE, 2 ROWS

DATA RUN # DATA FILE EXPERIMENTAL
CONDITIONS
51591.1037 3T1 Compound angle, 2 rows, m=1.0,
3C1 0=0.27
3CFC1
3FC1
51591.1448 3T2 Compound angle, 2 rows, m=1.0,
3C2 0=0.94
3CFC2
3FC2
51591.1704 313 Compound angle, 2 rows, m=1.0,
3C3 6=1.23
3CFC3
3FC3
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51691.1302

51691.1538

51691.1700

51791.1307

51791.1700

52091.0949

52091.1211

52091.1447

3T4
3C4
3CFC4
3FC4

3T5
3C5
3CFC5
3FC5

3Té6
3Cé
3CFCé6
3FCé6

317
3C7
3CFC7
3FC7

3T8
3C8
3CFC8
3FC8

3T9
3C9
3CFC9
3FC9

3T10
3C10
3CFC10
3FC10

3T11
3C11
3CFC10
3FC10
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Compound angle, 2 rows, m=1.0,
0=1.72

Compound angle, 2 rows, m=1.0,
6=2.17

Compound angle, 2 rows, m=1.0,
0=2.82

Compound angle, 2 rows, m=0.5,
0=.04

Compound angle, 2 rows, m=0.5,
0=1.15

Compound angle, 2 rows, m=0.5,
0=1.82

Compound angle, 2 rows, m=0.5,
6=2.32

Compound angle, 2 rows, m=0.5,
0=2.32




52091.1447

52091.1653

52191.1520

52291.1255

52291.1645

52491.1030

52491.1332

3T11
3C11
3CFC11
3FC11

3T12
3C12
3CFCi12
3FC12

3T13
3C13
3CFC13
3FC13

3T14
3C14
3CFC14
3FC14

3T15
3C15
3CFC15
3FC15

3T17
3C17
3CFC17
3FC17

3T18
3C18
3CFC18
3FC18
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Compound angle, 2 rows, m=0.5,
0=2.96

Compound angle, 2 rows, m=0.5,
0=1.54

Compound angle, 2 rows, m=1.5,
0=0.48

Compound angle, 2 rows, m=1.5,
6=0.9

Compound angle, 2 rows, m=1.5,
6=1.24

Compound angle, 2 rows, m=1.5,
6=2.21

Compound angle, 2 rows, m=11.5,
0=2.44




DATA RUN #

64791.1130

61991.1400

61991.1047

70191.1251

70191.1638

70991.0900

70991.1447

COMPOUND ANGLE, 1 ROW

DATA FILE

3T19
3C19
3CFC19
3FC19

3T20
3C20
3CFC20
3FC20

3T21
3C21
3CFC21
3FC21

3T22
3C22
3CFC22
2FC22

3T23
3C23
3CFC23
3FC23

3T25
3C25
3CFC25
3FC25

3T26
3C26
3CFC26
3FC26
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EXPERIMENTAL
CONDITIONS

Compound angle, 1
6=0.12

Compound angle, 1
6=1.09

Compound angle, 1
0=1.43

Compound angle, 1
6=2.52

Compound angle, 1
6=2.08

Compound angle, 1
0=.046

Compound angle, 1
0=1.21

row,

row,

Tow,

row,

Tow,

oW,

Tow,

m=1.0,

m=1.0,

m=1.0,

m=1.0,

m=0.5,

m=0.5,




70991.1540

71091.1029

71091.1306

71091.1456

71191.1447

71191.1658

71791.1516

71791.1615

3T27
3C27
3CFC27
3FC27

3728
3C28
3CFC28
3FC28

3T29
3C29
3CFC29
3RFC29

3T30
3C30
3CFC30
3FC30

3T32
3C32
3CFC32
3FC32

3T33
3C33
3CFC33
3FC33

3T34
3C34
3CFC34
3FC34

3T35
3C35
3CFC35
3FC35
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Compound angle, 1 row, m=0.5,

6=1.64

Compound arngle,

0=2.75

Compound angle,

6=1.44

Compound angle,

6=1.44

Compound angle,

0=1.095

Compound angle,

0=1.42

Compound angle, 1

0=2.83

Compound angle, 1

6=1.52

row, m=0.5,

row, m=0.5,

row, m=0.5,

row, m=1.5,

row, m=1.5,

row, m=1.5,

row, m=1.5,




71791.1733

71891.1835

3T36
3C36
3CFC36
3FC36

3T39
3C39
3CFC39
3FC39

B. FILM EFFECTIVENESS DATA

Generation Program: FLMEFFV2, 3
pFCxx - Local effectiveness data file

Compound angle, 1 row, m=1.5,
0=2.62

Compound angle, 1 row, m=1.5,
0=1.77

pSTRxx - Spanwise average effectiveness data file

DATA RUN #

32891.1520
32991.1431
32991.2109
40291.0845
40891.1314

41491.1042
41391.1405
41491.2210
41491.2255
41591.0837
41591.1032

41891.1018
41891.1137
41891.1609
41991.1455
42391.1550
41991.1352

DATA FILE

STR1
STR1A

STR2
STR2A

STR3
STR3A
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EXPERIMENTAL
CONDITIONS

Simple angle, 2 rows, m=1.05

Simple angle, 2 rows, m=0.5

Simple angle, 2 rows, m=1.5




51591.1037
51591.1448
51591.1704
51691.1302
51691.1538
51691.1700

51791.1307
51791.1700
52091.0949
52091.1211
52091.1653
52091.1447

52191.1520
52291.1255
52291.1645
52491.10030
52491.1332

61791.1130
61991.1400
61991.1047
70191.1251
70191.1638

70991.0900
70991.1447
70991.1540
71091.1029
71091.1456

COMPOUND ANGLE, 2 ROW

35TR4_1 Compound angle, 2 row, m=1.0
3STR4_2
3STR5_1 Compound angle, 2 row, m=0.5
3STR5_2
3STR6_1 Compound angle, 2 row,, m=1.5
3S5TR6_2

COMPOUND ANGLE, 1 ROW

3STR1_1 Compound angle, 1 row, m=1.0
3STR1 2
3STR2_1 Compound angle, 1 row, m=0..5
3STR3_2
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71191.1447
71191.1685
71791.1516
71791.1615

71791.17333

71891.1835

D. MEAN VELOCITY DATA:

3STR3_1
3STR3_2

Compound angle, 1 row, m=1.5

1. COMPOUND ANGLE X/D=9.9

DATA RUN #

80391.0755

80491.1830

804911.0941

80291.0940

80191.1540

DATA FILE

FIVO (disc 7)
FIVPO
FIVOO

V4

FIV1 (disc 7)
FIVP1

FIVO1

V5

FIV2 (disc 7)
FIVP2
FIVO1

Vé

FIV1 (disc 8)
FIVP1
FIVO1

V2

FIV2 (disc 8)
FIVP2
FIVO2

V3

GENERATING

PROGRAM

FIVEHOLE1
FIVEHOLE1
PADJUST
VELOCITY

FIVEHOLEI
FIVEHOLE]
PADJUST
VELOCITY

FIVEHOLE1
FIVEHOLE1
PADJUST
VELOCITY

FIVEHOLE]
FIVEHOLEI
PADJUST
VELOCITY

FIVEHOLE1
FIVEHOLE1
PADJUST
VELOCITY
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EXPERIMENTAL
CONDITIONS

2 rows, m=0.5,
x/d=9.9

2 rows, m=1.0,
x/d=9.9

2 rows, m=1.0,
x/d=9.9

1 row, m=0.5,
x/d=9.9

1 row, m=1.0,
x/d=9.9




2. COMPOUND ANGLE, X/D = 44.3

DATA RUN #

80791.1154

80691.2100

80691.0900

82991.0944

81291.1110

DATA FILE

FIV2 (disc 9)
FICP2
FICO2

V7

FIV1 (disc 10)
FIVP1

FIVO1

V8

FIVO (disc 10)
FIVPO

FIVO0

A\

FIVO (disc 9)
FIVPO

FIVOO

V10

FIV1 (disc 9)
FIVP1
FIVO1

Vi1

GENERATING
PROGRAM

FIVEHOLE1
FIVEHOLE1
PADJUST
VELOCITY

FIVEHOLE1
FIVEHOLE1
PADJUST
VELOCITY

FIVEHOLE1
FIVEHOLE1
PADJUST
VELOCITY

FIVEHOLE1
FIVEHOLE1
PADJUST
VELOCITY

FIVEHOLE1
FIVEHOLEI
PADIUST
VELOCITY

3. COMPOUND ANGLE, X/D = 86.3

DATA RUN # DATA FILE
82191.0842 FIV2 (disc 10)
FIVP2
FIVO2
Vi4

GENERATING
PROGRAM

FIVEHOLE1
FIVEHOLE1
PADJUST
VELOCITY
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EXPERIMENTAL
CONDITIONS

2 rows, m=0.5,
x/d=44.3

2 rows, m=1.0,
x/d=44.3

2 rows, m=1.5,
x/d=44.3

1 row, m=05,
x/d=44.3

1 row, m=1.0,
x/d=44.3

EXPERIMENTAL
CONDITIONS

2 rows, m=0.5,
x/d=86.3




82291.0949

82891.1100

81491.0858

82091.1455

FIVO (disc 11)
FIVPO

FIVOO0

V15

FIV1 (disc 11)

FIVP1
FIVO1
Vié

FIVO (disk 10)
FIVPO

FIVOO

V12

FIV1
FIVP1
FIVO1
Vi3

FIVEHOLE1 2 rows, m=1.0,
FIVEHOLE1 x/d=86.3
PADJUST

VELOCITY

FIVEHOLE1 2 rows, m=1.5,
FIVEHOLET1 x/d=86.3
PADJUST

VELOCITY

FIVEHOLE1 1 row, m=0.5,
FIVEHOLE1 x/d=86.3

- PADJUST

VELOCITY

FIVEHOLE1 1 row, m=1.0,
FIVEHOLEL1 x/d=86.3
PADJUST

VELOCITY

E. COMPOUND ANGLE INJECTION MEAN TEMPERATURE SURVEY

DATA:

Generating Program: ROVERI1

DATA RUN #
83091.2012
90291.1422
90291.1900
90391.0847
90391.1416
90391.1952
90491.0936

90491.1451

DATA FILE
TEMO
TEM1
TEM2
TEM3
TEM4
TEMS5
TEM6

TEM7

EXPERIMENTAL
CONDITION

1 row, m=1.0, x/d=9.9
2 rows, m=0.5, x/d=9.9
2 rows, m=1.0, x/d=9.9
2 rows, m=1.5, x/d=9.9
1 row, m=0.5, x/d=9.9
1 row, m=0.5, x/d=44.3
1 row, m=1.0, x/d=44.3

2 rows, m=1.0, x/d=44.3
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90591.1000

90591.1530

90691.1500

90691.2100

90791.1000

90791.1830

90791.2223

TEMS8

TEM9

TEM10

TEM11

TEM12

TEM13

TEM14

220

2 rows, m=1.0, x/d=44.3
2 rows, m=1.5, x/d=44.3
2 rows, m=1.0, x/d=86.3
2 rows, m=0.5, x/d=86.3
2 rows, m=1.5, x/d=86.3
1 row, m=1.0, x/d=86.3

1 row, m=0.5, x/d=86.3
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